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The transition from vegetative to reproductive development, known as the floral transition, 
is tightly controlled by a complex network of flowering genetic pathways in response to 
various developmental and environmental signals in Arabidopsis. The photoperiod pathway 
monitors seasonal changes in day length, while the vernalization pathway senses the 
prolonged exposure to low temperature. The gibberellin (GA) pathway plays a particular 
promotive role in flowering under non-inductive photoperiods, while the autonomous 
pathway mediates flowering by perceiving plant developmental status. In addition, the 
thermosensory pathway affects flowering through mediating plant response to ambient 
temperature signaling. The flowering signals from these multiple genetic pathways 
ultimately converge on the regulation of two major floral pathway integrators, 
FLOWERING LOCUS T (FT) and SUPPRESOR OF OVEREXPRESSION OF CONSTANS 
1 (SOC1), which in turn activates floral meristem identity genes, mainly APETALA1 (AP1) 
and LEAFY (LFY), to initiate the generation of floral meristems. 
 
The integration of flowering signals is regulated by a key repressor complex that consists 
of two MADS-box transcription factors, FLOWERING LOCUS C (FLC) and SHORT 
VEGETATIVE PHASE (SVP). SVP expression is regulated by the flowering signals 
perceived by the thermosensory, autonomous and GA pathways, while FLC expression is 
controlled by the signals from the vernalization and autonomous pathways. At the 
vegetative phase, the interaction of these two potent repressors suppresses SOC1 
expression in whole seedlings and FT expression in leaves. During the floral transition, 
promotive flowering signals from various flowering pathways except for the photoperiod 
pathway downregulate the expression of FLC and SVP, which, in turn, derepresses the 
expression of FT and SOC1 to allow the transformation of vegetative shoot apical 
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meristems into inflorescence meristems. Although considerable efforts have so far been 
made to elucidate the flowering regulatory hierarchy involving FLC and SVP, the 
underlying mechanism mediating their role in transcriptional regulation of target genes is 
largely unknown.   
 
In Arabidopsis, there is a large and diverse family of molecular chaperones, called J-
domain proteins. Based on the secondary structural assignments for J-domain, a total of 
120 J-domain proteins have been identified in Arabidopsis, and are classified into four 
types (I, II, III, and IV). Type I J-domain proteins have a modular sequence containing a J-
domain, a glycine/phenylalanine rich domain (G/F), a CXXCXGXG zinc finger domain, 
and a less conserved C-terminal domain, whereas the other types of J-domain proteins lack 
one or more of these domains. The sequential domain organization in type I J-domain 
proteins is similar to the modular structure of DnaJ/Hsp40 that was originally identified as 
a 41-kD heat shock protein from Escherichia coli. DnaJ interacts with the Hsp70, DnaK, 
and the nucleotide exchange factor, GrpE, to constitute a molecular chaperone machine that 
functions in many cellular processes. It has been suggested that DnaJ function is conserved 
throughout evolution. In plants, J-domain proteins have been reported to localize in 
different subcellular compartments and participate in various biological processes. 
However, as molecular chaperones are traditionally considered as important components 
involved in cellular homeostasis under stress conditions, previous studies on plant J-
domain proteins have been mainly focused on their functions in stress signaling pathways. 
Although there are a few studies reporting the involvement of plant J-domain proteins in 
developmental processes, the molecular basis for their biological functions in plant growth 
and development is still enigmatic.  
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In this study, we report that Arabidopsis DnaJ homolog 3 (J3), which encodes a type I J-
domain protein, plays an essential role as a transcriptional regulator in mediating the 
integration of flowering signals. J3 is ubiquitously expressed in various plants tissues and 
its expression is regulated by photoperiod, vernalization, and GA pathways. Loss of J3 
function significantly delays flowering, which partly results from reduced expression of 
SOC1 and FT. J3 interacts with SVP in the nucleus and attenuates the capacity of SVP 
binding to the regulatory sequences of SOC1 and FT. Our results suggest that J3 perceives 
flowering signals from several genetic pathways and promotes flowering through directly 
antagonizing SVP activity in repressing the transcription of SOC1 and FT during the floral 
transition. 
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1.1 Integration of flowering signals  
 
1.1.1 Floral genetic pathways 
The transition from vegetative to reproductive development, known as the floral 
transition, represents the most dramatic phase change in the life cycle of flowering 
plants. During the floral transition, the shoot apical meristem that generates leaves and 
secondary shoot meristems is transformed into the inflorescence meristem that 
produces floral meristems on its flanking. Appropriate timing of the floral transition 
greatly determines the reproductive success of the plants. In Arabidopsis, the floral 
transition is tightly controlled by several genetic pathways in response to different 
environmental cues and endogenous signals (Figure 1) (Mouradov et al., 2002; 
Simpson and Dean, 2002; Boss et al., 2004). The photoperiod pathway regulates 
flowering by monitoring the changes in day length and the signals from circadian 
clock. The vernalization pathway promotes flowering after plant exposure to 
prolonged low temperature via enabling stable repression of a potent repressor of 
flowering, FLOWERING LOCUS C (FLC).  The autonomous pathway promotes 
flowering in a photoperiod-independent manner by monitoring the endogenous cues at 
different developmental stages, while the gibberellin (GA) pathway accelerates 
flowering particularly in non-inductive short-day (SD) conditions. In addition to the 
above classical flowering genetic pathways, the floral transition is also regulated by 
light quality, and the thermosensory pathway that mediates the effect of ambient 
temperature, as well as an endogenous pathway which is defined by the miR156-
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regulated SPL transcription factors (Blazquez et al., 2003; Cerdan and Chory, 2003; 
Halliday et al., 2003; Wang et al., 2009). Furthermore, nitric oxide and other biotic or 
abiotic stresses could also affect flowering possibly through the photoperiod and 
autonomous pathways (Korves and Bergelson, 2003; He et al., 2004; Martinez et al., 
2004).   
 
1.1.2 Floral pathway integrators 
Flowering signals perceived by various flowering genetic pathways ultimately 
converge on the transcriptional regulation of two major floral pathway integrators, 
FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS (SOC1), (Figure 1) (Simpson and Dean, 2002; Liu et al., 2009a). These 
two integrators, in turn, activate several floral meristem identity genes, including 
APETALA1 (AP1) and LEAFY (LFY), which are responsible for the specification and 
maintenance of floral meristem identity in newly formed floral primordia (Weigel et 
al., 1992; Bowman, 1993; Mandel and Yanofsky, 1995).        
   
Two studies simultaneously isolated the FT gene and identified its function as a 
strong flowering promoter using different approaches (Kardailsky et al., 1999; 
Kobayashi et al., 1999). FT encodes a protein that is homologous to the 
phosphatidylethanolamine binding protein and Raf kinase inhibitor protein in animals. 
Loss-of-function mutants of FT show significant delay of flowering, while 
overexpression of FT greatly accelerates flowering. Notably, FT mutant shows 
significantly delay of flowering time in LDs, while its flowering time is only mildly 
affected in SDs, suggesting that FT functions in the photoperiod pathway (Koornneef 
et al., 1991). Consistent with its flowering phenotype in response to the photoperiod, 
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FT has been revealed as an immediate target of CONSTANS (CO), which is a central 
regulator in the photoperiod pathway (Samach et al., 2000). CO encodes a 
transcription factor with two B-box type zinc fingers (Suarez-Lopez et al., 2001). co 
mutants flower late in LDs but not in SDs, whereas constitutive overexpression of CO 
causes early flowering independently of day length (Onouchi et al., 2000). FT 
expression is increased in CO overexpression transgenic plants, and ft mutation 
significantly delays the flowering time of 35S:CO, indicating that CO promotes 
flowering partially through FT (Samach et al., 2000). FT is also a direct target of FLC, 
which is the converge point of the vernalization and autonomous pathways (Figure 1) 
(Hepworth et al., 2002; Searle et al., 2006). In summary, FT integrates the flowering 
signals from the photoperiod, vernalization and autonomous pathways to promote 
flowering (Figure 1). 
 
FD, which encodes a bZIP transcription factor, is preferentially expressed in the shoot 
apex (Abe et al., 2005; Wigge et al., 2005). It has been demonstrated that FT form a 
protein complex with FD, and FD activity is required for FT to promote flowering. FT 
and FD are interdependent partner and function to promote flowering and initiate 
floral organ formation through transcription activation of AP1 in the shoot apex 
region (Figure 1) (Abe et al., 2005; Wigge et al., 2005). Since FT is expressed in the 
phloem tissues of cotyledons and leaves (Takada and Goto, 2003; Yamaguchi et al., 
2005) (Figure 2), it is highly possible that FT represents a long-distance signal for 
flowering. Further studies have demonstrated that FT protein movement constitutes 
the long-distance signals for the floral transition (Corbesier et al., 2007).   
 
















Figure 1. Integration of flowering signals.  
The MADS-box genes SOC1, AGL24, SVP and FLC play important roles in 
integrating flowering signals from various flowering genetic pathways in response to 
environmental and endogenous cues. SOC1 and AGL24 directly regulate mutual 
mRNA expression and also form a protein complex in the shoot apical meristem 
during floral transition. The protein complex of SVP and FLC inhibits flowering 
through mainly repressing SOC1 expression in both leaves and shoot apical meristems 
and FT expression in leaves. Arrows indicate positive regulation of transcription, 
while T-lines represent negative regulation. Two linked ellipses indicate the protein-
protein interaction. MADS-box proteins acting as flowering promoters are shown in 
green, while those as repressors are in red. AGL17, AGAMOUS-LIKE 17; AGL19, 
AGAMOUS-LIKE 19; AGL24, AGAMOUS-LIKE 24; AP1, APETALA1; CO, 
CONSTANS; FD, FLOWERING LOCUS D; FLC, FLOWERING LOCUS C; FRI, 
FRIGIDA; FT, FLOWERING LOCUS T; LFY, LEAFY; MAF2, MADS 
AFFECTING FLOWERING 2; SOC1, SUPPRESSOR OF OVEREXPRESSION OF 
CONSTANS 1; SVP, SHORT VEGETATIVE PHASE. 
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1.2 Role of MADS-box genes in controlling flowering time in Arabidopsis 
 
1.2.1 The MADS-box gene family in Arabidopsis 
Recent studies have found that a group of MADS-box genes, which encode a large 
family of transcription factors in plants that share a highly conserved MADS-box 
domain, play indispensible roles in regulating the transition from vegetative 
development to reproductive development in Arabidopsis.  
 
MADS-box genes encode a large family of transcription regulators named after four 
founding members including MINICHROMOSOME MAINTENANCE (MCM1) in 
yeast, AGAMOUS (AG) in Arabidopsis, DEFICIENS (DEFA) in Antirrhinum, and 
SERUM RESPONSE FACTOR (SRF) in humans. These genes all contain a MADS-
box domain of ~58 amino acids that bind to a consensus DNA sequence know as the 
CArG box [CC(A/T)6GG] (Hayes et al., 1988; Riechmann et al., 1996). It has been 
suggested that MADS-box genes have two main lineages, type I (SRF-like) and type 
II (MEF2-like), which are generated from a gene duplication event occurring before 
the divergence of plants and animals (Alvarez-Buylla et al., 2000). In Arabidopsis 
genome, there are 107 genes encoding MADS-box proteins (De Bodt et al., 2003; 
Parenicova et al., 2003). These MADS-box genes have been further divided into five 
distinct clades, named MIKC, Mα, Mβ, Mγ, and Mδ, based on the phylogenetic 
analysis of the highly conserved MADS-box domain (Parenicova et al., 2003).  
 
So far almost all the well-characterized MADS-box genes belong to the MIKC type, 
which possess four characteristic domains from the N to the C terminus: a highly 
conserved MADS-box (M) domain, a less conserved intervening (I) domain, a well-
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conserved keratin-like (K) domain, and a variable C-terminal (C) region. The MADS-
box domain mainly determine DNA-binding. The K domain is required for the 
dimerization of MADS-box proteins, while the I domain constitutes a regulatory 
determinant for the selective dimerization (Fan et al., 1997; Riechmann and 
Meyerowitz, 1997). The C region is the least conserved domain, and its function is 
diverse. For example, this region has been shown to be involved in transcriptional 
regulation and the formation of multimeric protein complexes (Honma and Goto, 
2001; Hill et al., 2008).  
 
Plant MADS-box family proteins are key regulators of many developmental processes, 
such as vegetative and reproductive development (Ng and Yanofsky, 2001; Ferrario et 
al., 2004). In particular, their roles in reproductive development are more prominent 
since they function in several successive reproductive stages, including the control of 
flowering time, the specification of floral meristems and organs, and the development 
of ovules and seeds (Table 1). The best characterized MADS-box genes are those 
floral homeotic genes involved in the specification of floral organ identity. 
Investigation of the floral homeotic mutants has led to the establishment of the 
ABCDE model, which explains the class A, B, C, D, and E genes acting in 
combination to determine the identity of floral organs (Coen and Meyerowitz, 1991; 
Weigel and Meyerowitz, 1994; Theissen, 2001; Theissen and Saedler, 2001). It has 
been found that except for the class A gene, APETALA 2 (AP2), all the other floral 
homeotic genes encode MADS-box proteins in Arabidopsis. Besides being critical 
regulators of floral organ identity, MADS-box genes have also been shown to act in 
flowering time control (discussed in detail in the following sections) and floral 
meristem specification. The floral meristem specification requires several meristem 
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identity genes, including LEAFY and three closely related MADS-box genes, AP1, 
CALIFLOWER (CAL), and FRUITFUL (FUL) (Ferrandiz et al., 2000; Ng and 
Yanofsky, 2001). Moreover, characterization of MADS-box genes has also revealed 
their function in fruit development that follows fertilization of the flower. For 
example, SHATTERPROOF 1 (SHP1), SHP2 and SEEDSTICK (STK) have been 
demonstrated to contribute to the proper growth and development of carpels and 
siliques (Liljegren et al., 2000; Pinyopich et al., 2003). Recently, several type I 
MADS-box proteins, including PHERES 1 (PHE1), AGL80, DIANA, AGL62 and 
AGL23, have also been implicated in fruit development (Kohler et al., 2003; 
Portereiko et al., 2006; Bemer et al., 2008; Colombo et al., 2008; Kang et al., 2008). 
PHE1 is a direct target of MEDEA, a polycomb-group protein involved in seed 
development, while the other four genes are all involved in the regulation of embryo 
development. 
 
In the following several sections, we highlight the function of some important 
MADS-box genes involved in the integration of flowering signals in Arabidopsis. 
Four genes, SOC1, AGAMOUS-LIKE 24 (AGL24), FLC, and SHORT VEGETATIVE 
PHASE (SVP), act downstream of several flowering genetic pathways as floral 
pathway integrators. In addition, AGAMOUS-LIKE 19 (AGL19) in the FLC-
independent vernalization pathway, AGAMOUS-LIKE 17 (AGL17) in the FT-
independent photoperiod pathway, and FLC homologues also affect the integration of 
flowering signals.  
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Table 1. An overview of currently known MADS-box genes that regulate 
reproductive growth in Arabidopsis 
 
Gene locus Name  Function Reference 
Flowering time control 
At2g45660 SOC1/AGL20 Flowering promoter; 
floral pathway integrator 
(Borner et al., 2000; Lee et 
al., 2000; Samach et al., 
2000) 
At4g11880 AGL19 Flowering promoter (Schonrock et al., 2006) 
At4g24540 AGL24 Flowering promoter (Yu et al., 2002; Michaels et 
al., 2003b)  
At2g22540 SVP/AGL22 Flowering repressor (Hartmann et al., 2000) 
At2g22630 AGL17 Flowering promoter (Han et al., 2008) 
At5g10140 FLC/AGL25 Flowering repressor (Michaels and Amasino, 
1999) 
At1g77080 MAF1/AGL27 Flowering repressor (Ratcliffe et al., 2001) 
At5g65050 MAF2/AGL31 Flowering repressor (Ratcliffe et al., 2003) 
At5g65060 MAF3/AGL70 Flowering repressor 
At5g65070 MAF4/AGL69 Flowering repressor 
At5g65080 MAF5/AGL68 Unknown; unregulated by vernalization 
Floral meristem identity  
At1g69120 AP1/AGL7 Floral meristem specification;  
sepal and petal identity 
(Mandel et al., 1992) 
At1g26310 CAL/AGL10 Floral meristem specification; 
function redundantly with AP1  
(Kempin et al., 1995) 
At5g60910 FUL/AGL8 Floral meristem specification; 
meristem determinacy; 
carpel valve development 
(Gu et al., 1998; Ferrandiz 
et al., 2000; Melzer et al., 
2008) 
Floral organ identity  
At3g54340 AP3 Petal and stamen identity (Jack et al., 1992) 
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At5g20240 PI Petal and stamen identity (Goto and Meyerowitz, 
1994) 
At4g18960 AG Stamen and carpel identity; 
floral meristem determinacy 
(Yanofsky et al., 1990; 
Mizukami and Ma, 1995) 
At5g15800 SEP1/AGL2 Function redundantly to determine the 
identity of all floral organs  
(Pelaz et al., 2000; Ditta et 




At3g58780 SHP1/AGL1 Function redundantly to control fruit 
dehiscence 
(Liljegren et al., 2000) 
At2g42830 SHP2/AGL5 
At4g09960 STK/AGL11 Ovule development (Pinyopich et al., 2003) 
At5g23260 TT16/AGL32 Development and pigmentation of the 
seed coat 
(Nesi et al., 2002) 
At1g65330 PHE1/AGL37 Seed development (Kohler et al., 2003) 
At5g48670 AGL80 Central cell and endosperm development (Portereiko et al., 2006) 
At2g24840 DIA/AGL61 Function together with AGL80 to specify 
the central cell 
(Bemer et al., 2008; Steffen 
et al., 2008) 
At5g60440 AGL62 Regulation of cellularization during 
endosperm development  
(Kang et al., 2008) 
At1g65360 AGL23 Female gametophyte and embryo 
development 
(Colombo et al., 2008) 
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1.2.2 Flowering promoters 
 
1.2.2.1 SOC1 and AGL24  
SOC1 encodes a MIKC type MADS-box transcription factor and was initially isolated 
from three independent experiments: a screening for suppressors of overexpression of 
CONSTANS (CO), which encodes a central regulator of the photoperiod pathway 
(Samach et al., 2000), an activation tagging screening in FRI FLC plants (Lee et al., 
2000), and a reverse genetics approach (Borner et al., 2000).  soc1 mutants flower late 
under both long days (LDs) and SDs, while overexpression of SOC1 leads to very 
early flowering. SOC1 is expressed in leaves and shoot apical meristems at the 
vegetative phase. During the floral transition, its expression is detectable in the 
inflorescence meristem, but absent from the floral meristems before stage 3. Its 
expression reappears in the center of the floral meristem after stage 3 and in stamen 
and carpel primordia of the floral meristems at later stages (Figure 2) (Borner et al., 
2000; Lee et al., 2000; Samach et al., 2000; Liu et al., 2007).   
 
SOC1 integrates the flowering signals from all of the four major genetic pathways 
(Figure 1). SOC1 expression is hardly detectable in the SD-grown plants, whereas its 
expression is rapidly up-regulated in response to inductive LDs in apical meristems 
(Borner et al., 2000). Consistent with its expression in response to the photoperiod, 
SOC1 has been revealed as an immediately target of CO in the photoperiod pathway 
(Samach et al., 2000). Loss-of-function of SOC1 greatly suppresses the early-
flowering phenotype of 35S:CO, indicating that CO promotes flowering in part 
through the activation of SOC1 in the photoperiod pathway. The vernalization 
pathway accelerates flowering largely by repressing the expression of another MADS-
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box flowering repressor, FLC (Michaels and Amasino, 1999; Sheldon et al., 2000). 
SOC1 expression is greatly reduced in the FRI FLC wherein the dominant allele of 
FRIGIDA (FRI) causes high expression of FLC,  and the late-flowering phenotype of 
FRI FLC is largely suppressed by overexpression of SOC1 (Lee et al., 2000). These 
observations suggest that SOC1 is regulated in a FLC-dependent vernalization 
pathway. In addition, vernalization is also able to promote flowering through an FLC-
independent pathway since the flc null mutant (flc-3) still responds to the 
vernalization treatment (Michaels and Amasino, 2001). In flc-3, SOC1 expression is 
still increased after vernalization, suggesting that vernalization induces SOC1 
expression in both the FLC-dependent and -independent manner (Lee et al., 2000; 
Moon et al., 2003). SOC1 expression is repressed in several autonomous pathway 
mutants, including fve3, ld, fpa and fca mutants, suggesting that SOC1 responds to the 
flowering signals from the autonomous pathway (Lee et al., 2000). SOC1 is also 
regulated by the GA pathway particularly in the non-inductive SDs. In SDs, GA 
greatly increases the expression of SOC1, while the GA biosynthesis mutant ga1-3 
shows greatly reduced expression of SOC1. Furthermore, overexpression of SOC1 
rescues the non-flowering phenotype of ga1-3, and soc1 mutants show reduced 
sensitivity to GA for flowering (Moon et al., 2003). Thus, the GA pathway seems to 
provide positive signals/factors for the activation of SOC1 in SDs, although these 
signals/factors have yet to be elucidated.  
 
AGL24 is another promoter of flowering (Yu et al., 2002; Michaels et al., 2003b). Its 
expression is detectable in the whole zone of the vegetative shoot apical meristem and 
emerging leaf primordia, and is gradually increased during the floral transition. 
Shortly after the inflorescence meristem is formed, AGL24 expression is located in the 
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whole zone of the inflorescence meristem and the tunica of stage 1-4 floral meristems 
(Figure 2) (Yu et al., 2004). Loss or reduction of function of AGL24 activity results in 
late flowering under both LDs and SDs, whereas overexpression of AGL24 causes 
precocious flowering, indicating that AGL24 promotes flowering. Previous studies 
have shown that AGL24 is involved in various flowering genetic pathways (Figure 1). 
Its expression is upregulated by vernalization, but is not affected by FLC, suggesting 
that AGL24 acts in an FLC-independent vernalization pathway. In addition, AGL24 
expression significantly decreases in several mutants in the autonomous pathway, 
such as fve, fpa and fca (Yu et al., 2002; Michaels et al., 2003b), indicating that the 
autonomous pathway also regulates AGL24 in an FLC-independent manner. Although 
AGL24 functions in the photoperiod pathway, it is only affected by CO, but not by FT 
(Yu et al., 2002). Moreover, GA upregulates AGL24 expression, implying that AGL24 
also acts in the GA pathway. 
 
AGL24 and SOC1 are two closely relevant regulators during the integration of 
flowering signals in Arabidopsis (Figure 1). AGL24 expression is significantly 
reduced in soc1 mutants, while its expression is upregulated by overexpression of 
SOC1 (Yu et al., 2002; Michaels et al., 2003b). agl24 soc1 double mutants flower at 
the same time as soc1 single mutants, indicating that AGL24 and SOC1 act in the 
same genetic pathway (Michaels et al., 2003b). On the other hand, induction of 
AGL24 expression in an estradiol-inducible gene expression system can also induce 
SOC1 expression, and upregulation of SOC1 at the shoot apex during the floral 
transition is highly dependent on AGL24 (Liu et al., 2008). These results demonstrate 
that AGL24 and SOC1 affect each other’s mRNA expression. Chromatin 



















Figure 2. Expression patterns of important MADS-box flowering time genes and 
two floral pathways integrators (FT and LFY).  
Their expression in leaves, vegetative shoot apical meristems, inflorescence 
meristems, and stage-6 flowers is shown. Different colors represent the mRNA 
expression patterns of indicated genes revealed by in situ hybridization or reporter 
genes. IM, inflorescence meristem; se, sepal; pe, petal; st, stamen; ca, carpel. The 
numbers in the IM indicate the stages of floral meristems (Smyth et al., 1990), and the 
dot line indicates a stage 0 floral meristem. 
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immunoprecipitation (ChIP) analysis has further revealed that SOC1 can directly bind 
to the regulatory regions of AGL24, and vice versa, suggesting that AGL24 and SOC1 
directly regulate each other at the transcriptional level (Liu et al., 2008). This direct 
interaction has been shown to integrate various flowering signals especially those 
from the GA pathway, because agl24 soc1 double mutants never flower under SDs 
without GA treatment.  Besides the mutual regulation of transcription, it has also been 
suggested that AGL24 and SOC1 interact at the protein level, which is critical for the 
translocation of SOC1 from the cytoplasm to nucleus (Lee et al., 2008). This is 
supported by the largely overlapping expression patterns of AGL24 and SOC1 in the 
shoot apex (Samach et al., 2000; Yu et al., 2002; Lee et al., 2008). Direct interaction 
of AGL24 and SOC1 facilitates a synergistic integration of environmental and 
endogenous signals from several upstream genetic pathways to promote flowering. 
  
The integration of flowering signals is ultimately manifested by the change of 
expression of floral meristem identity genes including LFY. Both AGL24 and SOC1 
function upstream of LFY. LFY expression is downregulated in soc1 or agl24 mutants, 
whereas overexpression of SOC1 shows increased LFY expression (Lee et al., 2000; 
Yu et al., 2002; Moon et al., 2005). ChIP analysis has shown that SOC1 can directly 
bind to the promoter region of LFY (Lee et al., 2008; Liu et al., 2008), suggesting that 
LFY is a direct target of SOC1. AGL24 may regulate LFY expression in two different 
ways. One scenario is that AGL24 regulates LFY through regulating SOC1 expression 
(Liu et al., 2008), Alternatively, as AGL24 and SOC1 interacts with each other, they 
may form a protein complex that directly binds to the same promoter region of LFY as 
SOC1 does (Lee et al., 2008). Whether AGL24 directly regulates LFY still needs to be 
further examined through the ChIP analysis. 
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1.2.2.2 AGL19  
AGL19 encodes a MIKC-type MADS-box transcription factor that is closely related to 
SOC1 (Becker and Theissen, 2003). AGL19 is highly expressed in roots, but weakly 
in other tissues like leaves and flowers (Schonrock et al., 2006). When being 
ectopically expressed, AGL19 strongly accelerates flowering, suggesting that AGL19 
is a promoter of flowering.  AGL19 is required for the promotion of flowering in 
response to vernalization, because agl19 mutants show decreased response to 
vernalization. However, vernalization greatly upregulates the transcription levels of 
AGL19 independently of FLC. In addition, agl19 flc double mutants have an additive 
effect in response to vernalization. These observations suggest that AGL19 functions 
in an FLC-independent vernalization pathway. It has been further shown that AGL19 
activate the expression of AP1 and LFY, which is independent of the SOC1 pathway 
(Figure 1) (Schonrock et al., 2006). 
 
1.2.2.3 AGL17 
Although initially described as a root-specific gene (Burgeff et al., 2002), AGL17 has 
later been found to be expressed in the aboveground tissues, including leaves, stems, 
flower buds and mature flowers. AGL17 expression is gradually increased in the aerial 
part of seedlings during the floral transition under LDs , but not under SDs (Han et al., 
2008). Overexpression of AGL17 causes early flowering, while loss of function of 
AGL17 exhibits late flowering, particularly under LDs. These results suggest that 
AGL17 functions in the photoperiod pathway. AGL17 expression is significantly 
reduced in co mutants, but upregulated in CO overexpression plants. In contrast, 
AGL17 is not regulated by FT, and vice versa. These indicate that AGL17 functions 
downstream of CO, but in parallel with FT, in the photoperiod pathway (Figure 1). 
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The loss-of-function agl17 mutants show decreased expression of AP1 and LFY, 
whereas ectopic expression of AGL17 leads to significantly increased expression of 
AP1 and LFY. It is noteworthy that induced AGL17 expression is able to rapidly 
activate the expression of LFY and AP1. Thus, AGL17 seems to promote flowering 
ultimately by affecting the expression of AP1 and LFY.   
 
1.2.3 Flowering repressors 
 
1.2.3.1 FLC and SVP 
FLC, a MIKC-type MADS-box transcription factor, is a potent repressor in flowering 
regulatory networks (Michaels and Amasino, 1999; Sheldon et al., 2000).  It is a 
converge point of the vernalization and autonomous pathways (Figure 1), and its 
regulation is closely relevant to natural variations in the flowering time of different 
Arabidopsis accessions. Winter annuals are late-flowering if without vernalization 
treatment. In these winter annuals, FRI and FRI-LIKE 1 (FRL1), a FRI relative, 
elevate FLC expression to the levels that inhibit flowering (Johanson et al., 2000; 
Gazzani et al., 2003; Michaels et al., 2003a). Mutations in FLC accelerate flowering 
in LDs and SDs and are epistatic to the dominant FRI allele (Michaels and Amasino, 
2001). In contrast, the rapid-cycling accessions have either a non-functional fri allele 
or a weak flc allele (Johanson et al., 2000; Gazzani et al., 2003; Michaels et al., 
2003a). Vernalization represses FRI-mediated FLC upregulation in response to a 
prolonged cold exposure, resulting in an acceleration of flowering (Sheldon et al., 
2000; Michaels and Amasino, 2001). The autonomous pathway, which consists of 
seven genes including FCA, FPA, FVE, LUMINIDEPENDENS, FLOWERING 
LOCUS D, FY, and FLK, represses FLC expression to accelerate flowering (Lee et al., 
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1994; Macknight et al., 1997; Schomburg et al., 2001; He et al., 2003; Simpson et al., 
2003; Ausin et al., 2004; Lim et al., 2004; Mockler et al., 2004).  Both the activation 
and repression of FLC expression involve extensive epigenetic modifications of the 
functional states of its chromatin (Amasino, 2004; He, 2009). For example, H2B 
monoubiquitination, Histone H3 lysine 4 (H3K4) trimethylation, and H3K36 di- and 
tri-methylation are associated with the actively transcribed FLC chromatin (He and 
Amasino, 2005; He, 2009). On the contrary, vernalization results in a series of 
repressive histone modifications in FLC chromatin that repress FLC expression, 
which include histone deacetylation, H3K4 demethylation, H3K9 and H3K27 di- and 
tri-methylation, and H4R3sme2. These repressive modifications collectively convert 
the FLC chromatin to a mitotically stable repressive state.  
 
FLC has been demonstrated to play dual roles in repressing flowering through 
suppressing the expression of FT and its cofactor, FD (Figure 1). FT expression is 
induced in the phloem companion cells by CO, while the FT protein physically moves 
to the shoot apex, where it interacts with FD to induce AP1 expression (Abe et al., 
2005; Wigge et al., 2005; Corbesier et al., 2007). FLC represses FT expression in the 
leaf, thus blocking the transport of the systemic flowering signals containing the FT 
protein from the leaf to the shoot apical meristem. FLC also represses the expression 
of SOC1 and FD in the shoot apical meristem, which impairs the response of the 
meristem to flowering signals (Abe et al., 2005; Wigge et al., 2005; Searle et al., 2006; 
Corbesier et al., 2007). In addition, it has been suggested that repression of FT, SOC1, 
and FD by FLC is direct, as FLC directly binds to the regulatory regions of these 
genes (Hepworth et al., 2002; Searle et al., 2006). 
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SVP also encodes a MIKC-type MADS-box transcription factor. It is a dosage-
dependent negative regulator of flowering and functions in maintaining the duration 
of the vegetative phase (Hartmann et al., 2000). Loss-of-function mutants of SVP 
flower precociously in both LDs and SDs, while overexpression of SVP results in late-
flowering phenotype (Hartmann et al., 2000; Li et al., 2008). In accordance with its 
function in repressing flowering, SVP is expressed in whole vegetative seedlings, but 
is barely detectable in the main inflorescence apical meristem (Figure 2) (Hartmann et 
al., 2000; Liu et al., 2007). During flower development, its expression appears in the 
stage 1 and the lower part of the stage 2 floral meristems, but disappears in the stage 3 
floral meristems afterwards. During the floral transition, SVP mainly responds to the 
flowering signals perceived by the thermosensory, autonomous and GA pathways 
(Figure 1) (Lee et al., 2007; Li et al., 2008).  SVP mutants are insensitive to the 
changes of ambient temperature, and it mediates the temperature-dependent functions 
of FCA and FVE within the thermosensory pathway. Furthermore, SVP expression is 
upregulated in the loss-of-function mutants of FVE in the autonomous pathway, and 
GA negatively regulates SVP expression in SDs. In contrast, the photoperiod and 
vernalization pathways do not affect SVP expression. In addition, it has been found 
that under continuous light,  the abundance of SVP protein is increased in the double 
loss-of-function mutants of LATE ELONGATED HYPOCOTYL(LHY) and 
CIRCADIAN CLOCK ASSOCIATED 1(CCA), which are essential circadian clock 
components with redundant functions (Fujiwara et al., 2008).  
 
SVP controls flowering by negatively regulating FT expression in the leaf and SOC1 
expression in both the leaf and shoot apex (Lee et al., 2007; Li et al., 2008). SVP 
directly binds to the regulatory regions of FT and SOC1, where FLC also binds 
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(Hepworth et al., 2002; Searle et al., 2006; Li et al., 2008). In vegetative seedlings, 
SVP consistently interacts with FLC and their functions are mutually dependent (Li et 
al., 2008). On one hand, loss of SVP function significantly suppresses the extremely 
late-flowering phenotype of FRI FLC. On the other hand, loss of FLC function 
moderately rescues the late-flowering caused by overexpression of SVP.  These 
results suggest that the repressor complex of FLC and SVP confers a critical control 
of the floral transition by directly repressing the expression of the floral pathway 
integrators, FT and SOC1, during the vegetative phase (Li et al., 2008). During floral 
transition, the promotive flowering signals from the autonomous, GA, and 
vernalization pathways downregulate the expression of both FLC and SVP, which, in 
turn, derepresses the expression of FT and SOC1 to allow the floral induction. Thus, 
the protein interaction between FLC and SVP is a key regulatory mechanism that 
governs the integration of flowering signals.  
 
1.2.3.2 FLC-related genes 
FLC belongs to a small family of closely related MADS-box transcription factors, 
which also contains five other MADS-box proteins, named MADS AFFECTING 
FLOWERING 1-5 (MAF1-5) (Parenicova et al., 2003). MAF1/FLOWERING LOCUS 
M (FLM) is a repressor of flowering and a quantitative-trait locus with a major effect 
on thermosensitivity (Ratcliffe et al., 2001; Scortecci et al., 2001; Balasubramanian et 
al., 2006). Overexpression of MAF1 does not affect FLC transcript levels notably, 
while MAF1 expression is not regulated obviously by the presence of active FRI 
alleles or autonomous pathway mutations, suggesting that MAF1 may act 
independently of the FLC pathway. The other four genes, MAF2-5, are arranged in a 
tight cluster at the bottom of chromosome 5 (Ratcliffe et al., 2001). Loss of function 
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of MAF2 or MAF4 causes early flowering, and overexpression of MAF2-5 shows 
more or less alterations in flowering time, indicating that all these MAF genes are 
involved in the control of flowering time (Ratcliffe et al., 2003; Gu et al., 2009). 
Similar to FLC, MAF genes are regulated by the vernalization pathway. Vernalization 
represses MAF1, MAF2, and MAF3, but induces MAF5 and has little effect on MAF4 
(Ratcliffe et al., 2003; Sung et al., 2006). In particular, MAF2 has been shown to 
prevent premature vernalization in response to a brief cold treatment (Figure 1) 
(Ratcliffe et al., 2003). Phenotypic and expression analyses have further implied that 
MAF2 might play a repressive role in a pathway that is either parallel to FLC or 
converges on the same targets as FLC. Since SOC1 expression was reduced in 
35S:MAF2, MAF2 may directly or indirectly inhibit SOC1 expression to repress 
flowering. So far the role of other MAF genes in the vernalization response is still 
unknown. It is possible that these MAF proteins have redundant functions, since they 
share 53-87% sequence identity (Ratcliffe et al., 2003). Further genetic analyses or 
transgenic studies are required to investigate the function and mutual interactions of 
these MAF proteins in regulating flowering time.   
 
Similar to FLC, expression of MAFs seems to be mediated by various chromatin-
modifying events. For example, recent studies have suggested that upregulation of 
FLC and MAF genes is probably coordinated by AtPAF1c, AtSWR1c, or the H2B-
monoubiquination system (He, 2009). Also, like FLC, the chromatin of MAF4 and 
MAF5, but not MAF1-3, is associated with H3K27me3, which is a mark of 
transcriptionally silent chromatin (Alexandre and Hennig, 2008).  CURLY LEAF 
(CLF), which is a component of the PRC2 complex,  has been shown to directly 
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interact with and mediate the deposition of H3K27me3 in FLC, MAF4 and MAF5, 
thus repressing the transcription of these genes (Jiang et al., 2008).  
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1.3 Flowering time genes function beyond flowering 
 
1.3.1 AGL24, SOC1 and SVP function redundantly to control floral organ 
specification  
In addition to altered flowering time, transgenic plants overexpressing AGL24, SOC1 
or SVP singly or in combination also exhibit significant defects in floral meristem 
development (Yu et al., 2004; Liu et al., 2007). 35S:AGL24 promotes the 
transformation of floral meristems into inflorescence meristems, which is enhanced 
by 35S:SOC1, while 35S:SVP promotes the transformation of floral meristems into 
vegetative shoots. Loss of function of these three genes individually or in combination 
can partially rescue the floral defects of ap1 mutants, which are characterized by the 
generation of secondary flowers or inflorescences in individual floral meristems 
(Bowman, 1993).  In wild-type plants, these flowering time genes are normally 
downregulated in the emerging floral meristems (Yu et al., 2004; Liu et al., 2007), 
whereas in the absence of AP1, these genes are ectopically expressed. It has been 
demonstrated that AP1 represses the expression of AGL24, SOC1 and SVP by directly 
binding to the promoter regions of these genes (Liu et al., 2007; Gregis et al., 2008). 
Furthermore, AGL24 and SVP are expressed in the ectopic floral meristems generated 
in the loss of function mutants of SEPALLATA 1-4 (SEP1-4) genes, which were early 
identified as class E floral homeotic genes required for the specification of all floral 
organs (Ditta et al., 2004; Gregis et al., 2008). One of these SEP proteins, SEP3, has 
been shown to directly bind to the promoter regions of AGL24 and SVP, indicating 
that AGL24 and SVP are directly repressed by SEP3 in floral meristems. Thus, 
repression of AGL24, SOC1 and SVP in emerging floral meristems is crucial for 
normal development of floral meristems. 
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Although overexpression of AGL24, SOC1 or SVP results in floral defects, their single 
and double mutants produce normal flowers under normal growth conditions except 
for the double mutants of AGL24 and SOC1, which show mild defects in flowers at 
the basal positions of the inflorescence (Gregis et al., 2006). The defects are greatly 
enhanced under an elevated growth temperature (30 °C) or by a mutation in AP1. 
Expression analysis has shown that class B and C floral homeotic genes are 
ectopically expressed in the double mutants. Furthermore, in vitro studies have 
revealed that AGL24 and SVP are able to interact with AP1, while the AP1-AGL24 
and AP1-SVP dimers interact with the LUG-SEU corepressor complex. These 
observations suggest that AGL24, SVP and AP1 may function redundantly to at least 
prevent ectopic expression of the C class gene, AG in floral meristems. 
 
A recent study has shown that AGL24, SVP and SOC1 act redundantly to repress class 
B and C homeotic genes in floral meristems before stage 3 through direct repressing 
SEP3 (Liu et al., 2009b). The agl24 soc1 svp triple mutants exhibit severe floral 
defects with loss of most floral organs and generation of chimeric floral structures. 
These phenotypes result from the ectopic activity of SEP3 that interacts with LFY to 
synergistically activate the expression of class B and C genes (Larsson et al., 1998; 
Kotake et al., 2003; Song and Galbraith, 2006; Hill et al., 2008; Liu et al., 2009b). 
The repression of SEP3 by AGL24, SOC1 and SVP is mediated by recruiting two 
interacting chromatin remodeling factors, SAP18 and TERMINAL FLOWER 2/LIKE 
HETEROCHROMATIN PROTEIN 1, which are associated with histone 
deacetylation and H3K27me3, respectively (Larsson et al., 1998; Kotake et al., 2003; 
Song and Galbraith, 2006; Hill et al., 2008; Liu et al., 2009b). These results suggest 
that regulation of AGL24, SOC1 and SVP at appropriate levels in emerging floral 
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meristems is critical for normal flower development, because ectopic expression of 
these genes results in floral reversion and loss of their expression causes precocious 
differentiation of floral meristems.  
 
1.3.2 SOC1 and FUL function redundantly to modulate meristem determinacy  
SOC1 has also been shown to modulate the meristem determinacy and growth form 
together with another MADS-box gene, FUL (Melzer et al., 2008). SOC1 and FUL 
are expressed in an overlapping expression pattern, implying that they may have 
redundant functions (Gu et al., 1998; Samach et al., 2000). FUL is required for proper 
development of carpels and fruits, and functions redundantly with AP1 and CAL to 
determine the floral meristem identity (Gu et al., 1998; Ferrandiz et al., 2000). In 
addition, loss-of-function of FUL also exhibits mild defects in flowering time 
(Ferrandiz et al., 2000). When combined with soc1 mutant, the soc1 ful double 
mutants show much delayed flowering as compared to their single mutants (Melzer et 
al., 2008). More strikingly, the inflorescence meristems of the double mutants are 
reverted back into vegetative shoot apical meristems that produce leaves after the 
plants have entered the reproductive development, which is reminiscent of the 
lifestyle of perennial plants. These observations suggest that SOC1 and FUL not only 
control flowering time, but also modulate meristem determinacy.  
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1.4 Heat Shock Proteins  
 
1.4.1 Heat shock proteins in plants 
Heat shock proteins (Hsps), or also called as stress proteins, are present in virtually all 
living organisms, from bacteria to humans, and are highly conserved across species 
(Lindquist, 1986). Hsps are a large family of proteins, and they are often classified 
into different groups based on their molecular weight, for example, Hsp10, Hsp40, 
Hsp60, Hsp70, Hsp90, etc (Li and Srivastava, 2004). The transcript levels of Hsps are 
increased when cells are exposed to elevated temperatures or other stress conditions, 
and the dramatic increased transcription levels of Hsps, which is mediated primarily 
by the heat shock factors (Hsfs), is a key part of the heat shock response (Wu, 1995; 
De Maio, 1999). Besides the function of Hsps in stress conditions, Hsps are also 
expressed during non-stress conditions, and several Hsps have been shown to function 
in the cardiovasculature and immune response (Benjamin and McMillan, 1998; Li et 
al., 2002). Particularly, many Hsps act as chaperones, and play critical roles in protein 
folding and unfolding, assembly of protein complexes, protein sorting or translocation, 
protein degradation, cell-cycle control and signaling and protection of cells against 
stress or apoptosis (Li and Srivastava, 2004). Most of the major groups of Hsps are 
present in plants, including the small Hsps with molecular weight ranging from 15 kD 
to 28 kD, Hsp40, Hsp60, Hsp70,  Hsp90 and Hsp 100 (Vierling, 1991). Of all these 
classes of Hsps, Hsp70 and Hsp40 are the most abundant and well studied. In the 
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1.4.2 Hsp40  
 
1.4.2.1 General features of Hsp40 
Hsp40/DnaJ was originally identified as a 41-kDa heat shock protein from 
Escherichia coli, and has been conserved throughout evolution (Georgopoulos et al., 
1980; Qiu et al., 2006). DnaJ proteins play important roles in protein translation, 
folding or unfolding, translocation and degradation. DnaJ has been demonstrated to 
interact directly with the Hsp70 protein DnaK and the nucleotide exchange factor 
GrpE, which constitute a molecular chaperone machine and function during many 
cellular activities (Liberek et al., 1991; Georgopoulos, 1992; Scidmore et al., 1993; 
Cyr et al., 1994; Bukau and Horwich, 1998; Goffin and Georgopoulos, 1998). DnaJ 
has also been shown to function independently as a molecular chaperone (Laufen et 
al., 1999). In addition to the chaperone activity, DnaJ can also function as protein 
disulfide isomerase to catalyze the formation, reduction or isomerization of disulfide 
bonds (de Crouy-Chanel et al., 1995; Wang and Tsou, 1998; Shimada et al., 2007) . 
 
A typical DnaJ protein contains a J-domain, which is named after the E.coli DnaJ 
protein, a glycine/phenylalanine (G/F) rich region, a zinc finger (CxxGxGxG)4 
domain and a C-terminal domain (Caplan et al., 1993; Silver and Way, 1993). The J-
domain contains approximately 75 amino acids and is featured by four α-helices and 
an invariant histidine, proline and aspartate (HPD) signature motif after the second 
helix. It has been suggested that the J-domain is required for DnaJ to interact with 
Hsp70 and subsequent stimulation of Hsp70 ATPase activity (Wall et al., 1994; Tsai 
and Douglas, 1996). The G/F rich region consists of a sequence rich in glycine and 
phenylalanine residues. The function of G/F rich region is still not very clear. Studies 
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using the DnaJ model system suggest that the G/F rich region associates with a greater 
conformational plasticity, and may serve as a flexible linker region and regulate the 
specificity of DnaJ protein function (Pellecchia et al., 1996; Craig et al., 2006). The 
zinc finger (CxxGxGxG)4 domain is characterized by the presence of four repeats of 
CxxGxGxG motif, which binds to two zinc ions (Martinez-Yamout et al., 2000). The 
zinc finger domain is required for the binding with denatured substrate and for 
Hsp70’s function in the process of protein folding (Szabo et al., 1996; Lu and Cyr, 
1998). In addition, the zinc finger domain has also been demonstrated to have protein 
Thiol-disulfide oxidoreductase or disulfide isomerase activity (de Crouy-Chanel et al., 
1995; Shimada et al., 2007; Tang and Wang, 2001).  The C-terminal domain, which is 
less-conserved and more diverse, is important for the substrate binding and 
sequestration into Hsp70:DnaJ chaperone machine, thus providing the substrate 
specificity (Li et al., 2003). In addition, the C-terminal domain is also required for the 
dimerization activity, which is important for the chaperone activity (Shi et al., 2005).  
 
1.4.2.2 J-domain proteins in Arabidopsis  
In Arabidopsis, there are a large number of J-domain proteins identified (Miernyk, 
2001; Rajan and D'Silva, 2009). A total of 89 J-domain proteins were identified in the 
study by Miernyk et al., while another study has identified 120 J-domain proteins in 
the Arabidopsis genome (Rajan and D'Silva, 2009). These J-domain proteins are 
classified into four distinct groups. Type I J-domain proteins have all of the four 
domains organized in a sequential order as described in section 1.4.1.1, while Type II 
J-domain proteins do not possess the zinc finger domain. Type III J-domain proteins 
contain only the J-domain. In contrast to the Type I and II protein, in which the J-
domain is present at the N-terminus, in the Type III J-domain proteins, the J-domain 
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can be present in any region. Type IV J-proteins show significant sequence 
similarities with J-domain, but they lack the HPD signature motif and are classified as 
J-like proteins. These J-domain proteins are predicted to distribute to different 
subcellular compartments and are involved in various biological processes. However, 
the precise function of most of the J-domain proteins remains to be elucidated. The 
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1.5 Function of J-domain proteins during Arabidopsis development  
 
In Arabidopsis, J-domain proteins constitute a large protein family and play diverse 
roles in various developmental processes (Table 2).   
 
1.5.1 Function of ARG1 and ARL2 in gravitropic signal transduction pathway 
ALTERED RESPONSE TO GRAVITY 1 (ARG1) and ARG1-LIKE 2 (ARL2) have been 
shown to be involved in the gravitropic signal transduction pathway (Sedbrook et al., 
1999; Guan et al., 2003). Loss-of-function mutants of ARG1 show altered root and 
hypocotyl gravitropism without affecting phototropism or starch accumulation. In 
addition, the response of root growth to phytohormones or inhibitors of auxin 
transport is also not affected by arg1 mutation. Further studies have shown that 
targeting ARG1 to the gravity-perceiving cells of root or hypocotyls can complement 
the defects in gravitropism within the corresponding organs of mutants, suggesting 
that ARG1 participates in the early step of gravitropism (Boonsirichai et al., 2003). 
Moreover, it has been shown that ARG1 influences pH changes and auxin distribution 
within these gravity-perceiving cells. ARG1 is ubiquitously expressed in Arabidopsis 
plants (Sedbrook et al., 1999). Besides the J-domain at the N-terminus, ARG1 also 
possess a transmembrane domain in the middle and a coiled-coil domain found in 
cytoskeleton-interacting proteins.  ARG1 has been shown to be a peripheral 
membrane protein and associated with cellular compartments of the vesicular 
trafficking pathways, with vesicles between intracellular compartments and the 
plasma membrane, and with the cell plate (Boonsirichai et al., 2003). The paralog of 
ARG1, ARL2 has also been shown to act in the gravity signal transduction pathway 
(Guan et al., 2003). The arl2 mutants exhibit defects in root and hypocotyl 
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gravitropism without affecting the gravitropism of the inflorescence stems. The 
double mutant of arl2 and arg1 displays similar kinetics of gravitropism to each 
single mutant, suggesting that these two genes act in the same genetic pathway. 
However, mutation in ARL1, another paralog of ARG1, alone or in combination with 
mutation in ARG1 or ARL2, does not display further defect in gravitropism, indicating 
ARL1 may be not involved in the gravity signal transduction pathway. Furthermore, it 
has been shown that ARG1 and ARL2 are required for PIN3 relocation in gravity-
stimulated roots and the subsequent asymmetrical distribution of auxin towards the 
lower flank of the root (Harrison and Masson, 2008).  
 
1.5.2 Function of J-domain protein in plastid development or function 
 In Arabidopsis genome, there are approximately 12 J-domain proteins targeting to 
different compartments of chloroplast (Rajan and D'Silva, 2009). Of these 12 J-
domain proteins, atDjA5, atDjA6 and atDjA7, which are Type I J-domain proteins, 
are localized at the chloroplast thylakoid membrane, while three Type III J-domain 
proteins, atDjA25, atDjA26 and atDjA29 are localized in the chloroplast stroma 
(Miernyk, 2001; Rajan and D'Silva, 2009). However, none of these chloroplast-
targeted J-domain proteins has been characterized. In the following paragraphs, a 
cytosolic protein, J-DOMAIN PROTEIN REQUIRED FOR CHLOROPLAST 
ACCUMULATION RESPONSE 1 (JAC1), involved in plastid movement, and other 
two proteins involved in plastid function which show sequence similarities with J-
domain proteins will be discussed in details.  
 
It is known that in response to environmental light changes, chloroplasts change their 
positions in a cell (Wada et al., 2003; Wada and Suetsugu, 2004). In low light 
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conditions, chloroplasts move towards the light and result in chloroplasts accumulated 
in the light, which is known as accumulation response. On the contrary, under high-
light conditions, chloroplasts avoid the light to avoid the photo-damage, the process of 
which is called avoidance response (Kasahara et al., 2002). A cytosolic J-domain 
protein, JAC1, has been shown to be involved in the chloroplast movement (Suetsugu 
et al., 2005). In the mutants of JAC1, the accumulation response under weak blue light 
conditions is affected, while the avoidance response under strong blue light is not 
affected. In Arabidopsis, this accumulation response is mediated by two blue-light 
receptors, phot1 and phot2, which are termed as phototropins (Huala et al., 1997; 
Kagawa and Wada, 2000). These phototropins act redundantly to regulate 
accumulation response, while the avoidance response is controlled by phot2 alone. 
Genetic analysis between JAC1 and these two phototropins suggests that JAC1 plays 
an indispensable role in the phototropin-mediated chloroplast movement (Suetsugu et 
al., 2005). 
 
There is also evidence that a putative J-domain protein functions during plastid 
division. In Arabidopsis, there are a group of arc (accumulation and replication of 
chloroplasts) mutants with various defects in the size, shape or number of 
chloroplasts (Pyke and Leech, 1992, 1994; Pyke, 1997; Marrison et al., 1999). In arc6 
mutants, the leaf mesophyll cells contains only one or two greatly enlarged 
chloroplasts, while each of  mesophyll cells of wild-type contains 83 chloroplasts on 
average (Pyke et al., 1994; Robertson et al., 1995). Further studies have shown that 
ARC6 encodes a putative J-domain protein, but it does not posses the HPD signature 
motif (Vitha et al., 2003). ARC6 is an inner envelope membrane protein localized at 
the plastid division site (Vitha et al., 2003). Plastid division requires the FtsZ proteins, 
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FtsZ1 and FtsZ2, which assemble into a ring structure at the plastid division site and 
are essential for plastid division (Osteryoung et al., 1998; Vitha et al., 2003). In the 
arc6 mutants, the chloroplasts show abnormal localization of FtsZ1 and FtsZ2. The 
chloroplasts of arc6 mutant have numerous short and disorganized FtsZ filament 
fragments, while overexpression of ARC6 causes excessive formation of FtsZ 
filament formation, suggesting that ARC6 is required for the assembly or stabilization 
of FtsZ ring during plastid division.   
 
Another putative DnaJ-like protein, CYO1/SNOWY COTYLEDON (SCO) plays a 
crucial role in chloroplast biogenesis in cotyledons, but not in true leaves (Shimada et 
al., 2007; Albrecht et al., 2008). CYO1/SCO is mainly expressed in young seedlings, 
and its transcript and protein levels are increased by light irradiation. CYO1/SCO is 
targeted to the thylakoid membrane of chloroplasts. cyo1/sco mutants develop albino 
cotyledons but normal green true leaves. The plastids of the cyo1/sco mutants are 
immature and do not develop any thylakoid membrane when grown under light, while 
when grown under constant darkness, the etioplasts developed in cotyledons of the 
mutants are similar to those in wild-type plants. CYO1/SCO has a C4-type Zn finger 
domain similar to the Zn2 of the zinc finger (CxxGxGxG)4 domain of E.coli DnaJ 
which is important for its disulfide isomerase activity (Tang and Wang, 2001), but it 
does not possess the J-domain (Shimada et al., 2007; Albrecht et al., 2008). 
Recombinant CYO possesses the protein disulfide isomerase activity, indicating that 
CYO1/SCO may act as a chaperone-like factor for thylakoid membrane proteins.  
 
 
  34 
1.5.3 Function of J-domain proteins during Arabidopsis reproductive 
development  
GAMETOPHYTIC FACTOR 2 (GFA2) encodes a mitochondrial matrix localized J-
domain protein and is involved in the female gametophyte development (Christensen 
et al., 2002). Mutation in gfa2 shows defects in synergid cell death and the fusion of 
the polar nuclei during megagametogenesis, but it does not affect viability. GFA2 
shares 40% overall protein sequence similarity with yeast Mdj1p, which is a 
mitochondria localized DnaJ protein and functions as a chaperone involved in protein 
folding. GFA2 can partially complement the yeast mdj1 deletion mutant, suggesting 
GFA2 may act similarly with MDJ1 as a chaperone in the mitochondrial matrix. 
However, the exact role of GFA2 in mitochondrial function needs further 
investigation. 
 
In Arabidopsis, there are nine J-domain proteins identified or predicated to be 
localized into the ER (Rajan and D'Silva, 2009). Two of them, AtERdj2A and 
THERMOSENSITIVE MALE STERILE 1 (TMS1)/AtERdj3A have been shown to 
function during pollen germination and pollen tube growth under high temperature, 
respectively (Yamamoto et al., 2008; Yang et al., 2009). AtERdj2A is the Arabidopsis 
ortholog of Sec63 from yeast and ERdj2 from mammalian. Yeast Sec63p is essential 
for yeast growth and is an ER luminal protein mediating protein translocation as a 
partner for BiP (Rothblatt et al., 1989; Sadler et al., 1989). Mutation in AtERdj2A is 
lethal for Arabidopsis, and causes pollen germination defects, suggesting that 
AtERdj2A is essential for Arabidopsis growth (Yamamoto et al., 2008). 
TMS1/AtERdj3A is an Arabidopsis ortholog of Scj1p from yeast and ERdj3 from 
mammalian. Scj1p of yeast is also an ER luminal protein, functions as a partner of 
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BiP and is involved in protein folding and quality control (Silberstein et al., 1998). 
TMS1 mutants do not exhibit obvious growth defects under normal growth conditions; 
however, the fertility of male gametophyte is affected by TMS1 mutation when grown 
at higher temperature, suggesting that TMS1 is involved in the thermotolerance of 
male gametophyte development (Yang et al., 2009). Detailed analysis indicates that 
the growth of pollen tube is affected. Besides the pollen tube growth defects, tms1 
homozygous seedlings also exhibit increased sensitivity to heat stress. TMS1 is 
ubiquitously expressed in different plant tissues, and its expression is greatly induced 
by heat treatment. Besides the conserved J-domain, TMS1 also possess a P5_C 
domain at the C-terminus and a PDI_a_ERdj5_C domain in the middle, which is a 
protein disulfide isomerase (PDI) domain. Recombinant TMS1 protein can enhance 
the reduction of insulin disulfides, suggesting that it might have the protein disulfide 
isomerase activity and might be involved in the processing of target proteins which 
play important roles in pollen tube growth under stress conditions.   
 
1.5.4 Function of J3 in stress signaling in Arabidopsis   
DnaJ HOMOLOG 3 (J3) encodes a Type I DnaJ-like protein and is constitutively 
expressed in various plant organs, including roots, leaves, stems, open flowers, flower 
buds and siliques (Zhou and Miernyk, 1999; Li et al., 2005). J3 is an ortholog of Ydj1 
from S.cerevisiae and it shares 57.3% overall protein sequence similarity with Ydj1, 
which belongs to part of the Hsp70:J-protein chaperone machinery required for the 
folding of vast majority of proteins synthesized in the cytosol and is crucial for 
cellular protein homeostasis (Zhou and Miernyk, 1999). J3 has been shown to play 
important roles during various stress conditions (Yang et al.; Li, 2007). J3 expression 
is greatly induced by heat shock at 37°C, and overexpression of J3 results in increased 
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thermotolerance of Arabidopsis seedlings. Although  the single loss-of-function 
mutant of J3 does not show obvious alteration of seedling thermotolerance, when 
combined with the mutation in J2, which is the closest homologue of J3 in 
Arabidopsis, the seedlings exhibit impaired thermotolerance, suggesting that J3 acts 
redundantly with J2 in the regulation of seeding thermotolerance (Li et al, 2007). A 
recent study has shown that J3 is involved in the regulation of the plasma membrane 
H+-ATPase via physical interaction with SALT OVERLY SENSITIVE 2-LIKE 
PROTEIN KINASE 5 (PKS5), which encodes a protein kinase negatively regulating 
the activity of the PM H+-ATPase (Fuglsang et al., 2007; Yang et al., 2010). j3 
mutants exhibit increased sensitivity to salt stress in alkaline conditions and show 
decreased PM H+-ATPase activity, and J3 functions upstream of PKS5. J3 physically 
interacts with PKS5 and represses PKS5 kinase activity, thus regulating the plasma 
membrane H+-ATPase. Taken together, these studies demonstrate that J3 plays 
important roles in stress signaling pathways in Arabidopsis.  
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Table 2. Overview of currently known J-domain proteins that regulate 
Arabidopsis developmental processes 
Gene locus Name Function Localization Reference 
J-domain  proteins 




(Sedbrook et al., 
1999; Boonsirichai 
et al., 2003) 
At1g59980 ARL2 Involved in gravity signal 
transduction pathway 
cytoskeleton (Guan et al., 2003) 
At5g48030 GFA2 Female gametophyte 
development 
mitochondrial (Christensen et al., 
2002) 
At1g79940 AtERDJ2A Pollen germination Endoplasmic 
reticulum (ER) 
(Yamamoto et al., 
2008) 
At2g26890 KAM2/GRV2 Endosome formation, 
vacuolar sorting and 
determination of embryo 
growth axis 
Vacuole (Tamura et al., 
2007) 
At3g08970 TMS1 Pollen tube growth under 
high-temperature stress 
ER lumen (Yamamoto et al., 
2008; Yang et al., 
2009) 
At2g35720 OWL1 Involved in perception of 
very low light fluences 
Cytosol, nucleus  (Kneissl et al., 
2009) 
At1g75100 JAC1 Phototropin-mediated 
chloroplast movement 
cytosol (Suetsugu et al., 
2005) 
At3g44110 J3 Regulation of plasma 
membrane H+-ATPase 




cytosol, nucleus  
(Yang et al., 2010) 
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Putative DnaJ-like proteins  
At5g42480 ARC6 Involved in plastid division Plastid envelope 
membrane 
(Pyke et al., 1994; 
Robertson et al., 
1995; Vitha et al., 
2003) 
At3g19220 CYO1/SCO2 Chloroplast biogenesis in 
cotyledons 
Chloroplast (Shimada et al., 
2007; Albrecht et 
al., 2008) 
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1.6 Objectives of this study 
 
In Arabidopsis, the floral transition is tightly regulated by an intricate network of 
flowering genetic pathways, including photoperiod, vernalization, autonomous and 
GA pathways, which converge on the regulation of several floral pathways integrators, 
including FT, SOC1 and LFY (Mouradov et al., 2002; Simpson and Dean, 2002; Boss 
et al., 2004).  
 
SVP is a potent flowering repressor in Arabidopsis, which perceives the flowering 
signals from GA and autonomous pathways and controls flowering by negatively 
regulating SOC1 expression in both the leaves and shoot apexes and FT expression in 
the leaf through direct binding to their regulatory regions (Lee et al., 2007; Li et al., 
2008). SVP consistently forms a protein complex with FLC, another potent repressor 
of flowering, in vegetative seedlings. This repressor complex mediates flowering 
signals from various genetic pathways, and governs the integration of flowering 
signals though direct repression of FT and SOC1. Thus, elucidating the function of 
SVP is critical to the understanding of the molecular mechanism of floral transition. 
As such, we are very interested to unveil the regulatory network of SVP. To this end, 
the major objectives of this study are: 
1. to isolate the interacting partners of SVP in Arabidopsis; 
2. to study the functions of SVP-interacting partners; 
3. to elucidate the biological significance of the interaction between SVP and its 
interacting partners. 

















       Material and Methods
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CHAPTER 2 
Materials and Methods 
 
2.1 Plant materials and growth condition 
Arabidopsis plants were grown on Murashige and Skoog (MS) plates or soil in LDs 
(16 hr light/8 hr dark) or SDs (8 hr light/16 hr dark). The temperature was maintained 
at 23+ 2°C unless otherwise stated. For plants grown on soil, the seeds were sow on 
soil directly and kept at the 4°C for 3 days for stratification, and then they were 
transferred to the standard growth room. For plants grown on MS plates, the seeds 
were surface sterilized by sequential wash with sterile water (3 times), 70% ethanol 
(v/v), sterile water (3 times), 15% Clorox® (20 minutes), sterile water (3 times). After 
the surface sterilization, the seeds were sown on Petri dishes containing MS medium. 
Petri dishes were sealed and incubated at 4°C for 3 days before being transferred to 
the tissue culture room.  
  
Arabidopsis ecotype Columbia (Col) and Landsberg erecta (Ler) were used in this 
study. The mutants co-1, gi-1, ft-1 (Ler ft-1 introgressed into col), ft-10, fve-3, soc-1, 
agl24-1, svp-41, j3-1, and j3-2 are in the Col background, while co-2, ft-1, fve-1, fca-1, 
fpa-1 and ga1-3 are in the Ler background. The j3-1 (SALK_132923) and j3-2 
(SALK_141625) were obtained from the Arabidopsis Information Resource Center 
(ABRC).  
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2.2 Gene cloning 
 
2.2.1 Cloning of Polymerase Chain Reaction (PCR) amplified DNA fragments 
PCR amplification was performed by mixing 200 ng of DNA template (either cDNA 
or genomic DNA) with 1X PCR buffer, 0.2mM dNTP mix, 10 pmol of each of 
forward and reverse primers, 0.5U PfuTurbo®  (Stratagene, USA) and sterile water.  
The reaction mixture was denatured at 95°C for 10min, followed by 40 cycles of 
denaturation at 95°C for 30 sec, annealing at 52-60°C depending on the primers, and 
extension at 72°C for 30 sec-5 min depending on the final product sizes, and final 
extension at 72°C for 10 min. The PCR products were separated on 1-1.5% (w/v) 
Tris-Acetate-ethylenediaminetetraacetic acid (TAE) agarose gel electrophoresis and 
visualized by ethidium bromide (EtBr) staining.  
 
The PCR products were purified by PCR purification kit or gel extraction using 
Gel/PCR DNA fragments extraction kit (Geneaid). For PCR purification, the PCR 
products were mixed with appropriate amount of DF buffer (5 volume of DF buffer to 
1 volume of PCR product). The mixture was transferred to DF column. The DF 
column was then centrifuged at high speed for 1 min, followed by washing with Wash 
Buffer and elution with 30μl sterile water.  For gel purification, the DNA fragment 
was cut off from the agarose gel after gel electrophoresis. Buffer DF was added to the 
excised gel (500μl DF buffer to up to 300 mg of gel). The mixture was incubated at 
55-60°C for 10-15 min until the gel slice was completely melted. The DNA was then 
purified using the DF column as described for the PCR purification.  
The purified PCR fragment was next subjected to digestion using appropriate 
restriction enzymes. Digestion was performed with approximately 1 μg of purified 
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PCR fragment, appropriate 1X buffer of restriction enzymes, 0.8μl of appropriate 
restriction enzymes (New England Biolabs) each, and topped to the final volume with 
sterile water. The reaction was incubated at 37°C for 3 hr. After purification, the DNA 
fragment was ligated to the vector cut by the appropriate restriction enzymes by 
mixing 20 ng vector, 60 ng DNA fragment, 1X T4 ligase buffer and T4 DNA ligase 
(Fermentas). The ligation mixture was incubated at room temperature for 1 hr or 
overnight at 16 °C. The recombinant vector was subsequently transformed to 
competent cells of Escherichia coli (E.coli) XL1-blue strain as described in the next 
section. 
 
2.2.2 Heat Shock transformation of E.coli competent cells 
 
2.2.2.1 Preparation of E.coli competent cells 
The XL1-Blue strain of E.coli was used. This protocol for preparation of E.coli 
competent cells was adopted from a previously described method (Inoue et al., 1990). 
The frozen stock of E.coli cells from -80°C was thawed on ice, streaked evenly onto a 
LB plate, and incubated at 37°C overnight. On the following day, a single colony was 
picked and inoculated to 3ml SOB medium (2% (w/v) Tryptone, 0.5% (w/v) yeast 
extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2·6H2O and 10 mM MgSO4·7H2O, 
pH 6.7-7.0), and incubated overnight at 37°C with vigorous shaking. The overnight 
culture was transferred into 200 ml fresh SOB medium and grown at 20 °C by 
vigorously shaking until the optical density (OD600) reached 0.6. The bacterial culture 
was then transferred to ice-cold Faclon tube and kept on ice for 10 min before being 
centrifuged at 1,200 x g for 10 min at 4 °C. The bacterial pellet was gently 
resuspended in 40 ml ice-cold Tris-Borate (TB) buffer (10 mM Pipes, 55 mM MnCl2, 
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15 mM CaCl2, 250 mM KCl, pH 6.7) freshly prepared, kept on ice for 10 min, and 
centrifuged as previously mentioned. The pellet was resuspended again in 8 ml ice-
cold TB buffer, and dimethyl sulfoxide (DMSO) was added to the cell suspension as a 
stabilizer to a final concentration of 7%. The cell suspension was then incubated on 
ice for another 10 min, and stored in aliquots of 100 μl in 1.5 ml Eppendorf tubes 
frozen by liquid nitrogen in -80 °C until use.  
 
2.2.2.2 Heat shock transformation  
The frozen stock of E.coli competent cell was thawed on ice and mixed gently with 
the plasmid or ligation mixture. After incubation on ice for 20-30 min, the cells were 
placed in a 42°C water bath or heat block for 60-90 sec, put on ice for 1-2 min and 1 
ml LB medium was added to the cells. After incubation at 37°C for 1 hr with gentle 
shaking, the culture was centrifuge at 3,000 rpm for 3 min and then spread on LB agar 
medium supplemented with appropriate antibiotics. For pGEM-T easy, pGEX-6p-2, 
pGADT7 vectors, LB agar plates were supplemented with 100 mg/L ampicillin, for 
pGreen vectors, LB plates were supplemented with 50 mg/L kanamycin, and for 
PER8 vector, the LB plates were supplemented with 50 mg/L  spectinomycin.  
 
2.2.3 Colony PCR for verification of constructs 
Single colony was selected from the plate and resuspended in 5 μl sterile water. 1μl of 
cell suspension was used for PCR analysis using the pair of primers: one is specific 
for the inserted DNA fragment and the other one is specific for the vector. The PCR 
products were analyzed by agarose gel electrophoresis. The colonies that produced 
DNA fragments of the expected size were inoculated in 3 ml of LB medium 
supplemented with appropriate antibiotics and cultured at 37 °C overnight.  
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2.2.4 Plasmid DNA extraction 
Plasmid DNA was isolated using High-speed Plasmid Mini kit (Geneaid) following 
the manufacturer’s instructions. The overnight grown cell culture was transferred to a 
1.5 ml Eppendorf tube and harvested by centrifugation at the highest speed for 1-2 
min. After the supernatant was discarded, the cell pellet was resuspended well in 200 
μl PD1 buffer. The cells were lysed by adding 200 μl of PD2 and mixed well by 
inverting the tube upside down, and after which, 300 μl PD3 buffer was added to each 
tube. The lysate was then centrifuged at the maximal speed for 3 min, and the clear 
lysate was transferred to a PD column inserted into a 2 ml collection tube. After 
centrifugation at maximal speed for 1 min, the PD column was sequentially washed 
by W1 buffer and Washing buffer. The PD column was further centrifuged at the 
highest speed for 3 min to dry the column, and the plasmid DNA was eluted by 
adding 30-50 μl Elution buffer or sterile water. The plasmid DNA can be stored at -
20°C. 
 
2.2.5 DNA Sequencing and analysis 
The nucleotide sequences were determined by ABI PRISMTM Big Dye and 
Rhodamine Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, 
USA). The sequencing reaction was carried out by mixing 100-250 ng plasmid or 10-
20 ng PCR fragment with 10 μl of 2 X Big Dye, 2 pmol primer and appropriate 
amount of distilled water. The sequencing PCR was carried out by 25 cycles of 
denaturation at 96°C for 10 sec, annealing at 52°C for 5 sec and extension at 60°C for 
1-2 min. Sequencing was performed with ABI PRISMTM 377 DNA sequencer 
(Applied Biosystems, USA). The identities of the DNA sequences were analyzed by 
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BLAST program on NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) or TAIR 
website (http://www.arabidopsis.org/ Blast/ index.jsp).  
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2.3 Genotyping 
2.3.1 Rapid extraction of genomic DNA 
Plant tissues were put into 200 μl genomic DNA extraction buffer (0.2 M Tris-HCl, 
pH 9.5, 0.4M LiCl, 25 mM EDTA and 1% SDS (w/v)) in a 1.5 ml Eppendorf tube and 
grounded with a micropestle. The tube was centrifuged at maximum speed for 5 min, 
and the clear supernatant was transferred to a new 1.5 ml Eppendorf tube. The same 
volume of isopropanol was added to the clear supernatant and mixed by gentle vortex 
to precipitate DNA. After centrifugation at the maximum speed for 10 min, the 
supernatant was discarded and 500 μl 70% ethanol was added to wash the DNA pellet. 
After centrifugation and discarding the supernatant, the DNA pellet was air-dried or 
dried by the vacuum centrifugation to remove the residual ethanol. Finally, The DNA 
pellet was dissolved in 30-200 μl of sterile water or 1XTE buffer (10 mM Tris pH 8.0, 
1 mM EDTA, pH 8.0), and used immediately or stored at -20°C. 
 
2.3.2 Genotyping PCR   
The genotyping was performed using PCR amplification with specific primers, 
followed by agarose gel electrophoresis or restriction enzyme digestion. The 
genotyping primers of the two newly identified mutants, j3-1 and j3-2, are listed in 
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2.4 Gene expression analysis 
 
2.4.1 Total RNA isolation 
RNeasy® Plant Mini Kit (Qiagen, USA) was used to extract total RNA from various 
plant tissues. All the micropestles, pipette tips and Eppendorf tubes were autoclaved 
at 121°C for 1h before use in this experiment. Plant tissues were harvested in liquid 
nitrogen and stored at -80°C before use. The plant tissues (up to 100 mg) were frozen 
and homogenized thoroughly in liquid nitrogen using a micropestle, after which 450 
μl of buffer RLT was added to the tube. The tissue lysate was then vortexed 
vigorously, transferred into a QIAshedder spin column and centrifuged at the 
maximum speed for 2 min. After centrifugation, the clear lysate was transferred into a 
new RNase free Eppendorf tube, and the RNA was precipitated by adding 0.5 volume 
of 100% ethanol. The mixture was mixed thoroughly by pipetting and transferred to 
an RNeasy mini column. After centrifugation, the column was washed using 250μl 
RW1 buffer, followed by on column DNA digestion by directly adding RNase-free 
Dnase (Invitrogen, USA) onto the center of the column and incubating at room 
temperature for 15 min. After DNA digestion, the column was subjected to sequential 
wash with RW1 buffer and Buffer RPE. The column was dried by centrifugation for 
another 1 min and eluted using 30-50 μl RNase-free water. The concentration of RNA 
was determined by a NanoDrop spectrophotometer (Thermoscientific, USA).  
 
2.4.2 Reverse Transcription  
The cDNA synthesis was performed using SuperScript III First-strand Synthesis 
system (Invitrogen, USA) according to the manufacturer’s instructions. 0.5-2.5 μg 
total RNA was mixed with 2.5 μM Oligo(dT)20 and 0.5 mM dNTP mix, and was 
  50 
topped up to 10 μl with diethyl-pyrocarbonate (DEPC)-treated water. The mixture of 
RNA and primers was denatured at 65°C for 5 min, followed by incubation on ice.  
To each tube of the denatured RNA and primers, the mixture containing 2 μl of 10 X 
cDNA synthesis buffer, 4 μl of 50 mM MgCl2, 2 μl of 0.1 M DTT, 1 μl of RNaseOUT 
(40 U/μl) and 1 μl SuperScript III was added. The reaction was placed into the 
thermal cycle and incubated at 50°C for 60 min and terminated at 85°C for 5 min. 
RNA was removed by incubating the reaction with 1μl RNase H at 37°C for 20 min. 
The final product was diluted 4-5 fold with sterile water, and stored at -20°C. 
 
2.4.3 Semi-quantitative RT-PCR  
The reverse-transcribed cDNA and gene-specific primers were used for the PCR 
amplification for gene expression analysis. The PCR reaction was denatured at 96°C 
for 3min, followed by 28-33 cycles of denaturation at 96°C for 30 sec, annealing at 
52°C-60°C depending on the primers’ annealing temperatures, and elongation at 72°C 
for 30 sec, and the PCR reaction was ended with a final extension at 72°C for 5 min. 
TUBULIN 2 (TUB2) was amplified as an internal control for normalization. The PCR 
products were separated and visualized by agarose gel electrophoresis.   
 
 
2.4.4 Real-time PCR  
Quantitative Real-time PCR was performed in triplicates with cDNA samples and 
gene-specific primers on 7900HT Fast Real-Time PCR system (Applied Biosystems). 
The reaction mix comprised 2X SYBR Green PCR Master Mix (Applied Biosystems), 
forward and reverse primers, cDNA template and sterile water. The reactions were 
added in triplicate into the wells of the 384-well clear reaction plates (Applied 
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Biosystems), which was sealed with Optical adhesive cover (Applied Biosystems) and 
placed into the Real-time PCR machine. The reaction was incubated at 50°C for 2 min, 
denatured at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15 
sec, and extension at 60°C for 1 min. TUB2 was also amplified in triplicate and used 
as an internal control. The specificity of each pair of gene specific primers was 
determined by the dissociation curve. The relative expression level of each gene was 
calculated with the difference between cycle threshold (Ct) of target genes and TUB2 
(ΔCt=Cttarget gene-CtTUB2), that is 2-ΔCt .   
 
The list of primers used in the semi-quantitative RT-PCR and quantitative real-time 
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Table 4 List of primers used in semi-quantitative RT-PCR and real-time PCR. 
 
 
Primers for semi-quantitative RT-PCR 
Gene name Primers 
J3 5’-GTAATACCAGCCGGCAAAGGA-3’ 5’-GCGTGGTCTCCTCGCATTCATC-3’ 
TUB2 5’-ATCCGTGAAGAGTACCCAGAT-3’ 5’-TCACCTTCTTCATCCGCAGTT-3’ 
 
Primers for quantitative real-time PCR 
Gene name Primers 
SOC1 5’-AGCTGCAGAAAACGAGAAGCTCTCTG-3’ 5’-GGGCTACTCTCTTCATCACCTCTTCC-3’ 
FT 5’-CTTGGCAGGCAAACAGTGTATGCAC-3’ 5’-GCCACTCTCCCTCTGACAATTGTAGA-3’ 
AP1 5’-CATGGGTGGTCTGTATCAAGAAGAT-3’ 5’-CATGCGGCGAAGCAGCCAAGGTT-3’ 
LFY 5’-ATCGCTTGTCGTCATGGCTG-3’ 5’-GCAACCGCATTGTTCCGCTC-3’ 
FLC 5’-CTAGCCAGATGGAGAATAATCATCATG-3’ 5’-TTAAGGTGGCTAATTAAGTAGTGGGAG-3’ 
SVP 5’-CAAGGACTTGACATTGAAGAGCTTCA-3’ 5’-CTGATCTCACTCATAATCTTGTCAC-3’ 
J3 5’-CCTTAGAGAGACTTTGACCCACATG-3’ 5’-CCGTACCAAACTCCCATAAAGACTC-3’ 
J2 5’-CAAAAGACAGCTTCTCATCAAATC-3’ 5’-CGTCTATTTCCATATCGCTTATAG-3’ 
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2.4.5 GUS staining  
GUS staining of the GUS reporter transgenic lines was performed as described 
(Sieburth and Meyerowitz, 1997). Plant tissues were fixed in 90% acetone (v/v) for 20 
min on ice. After fixation, the tissues were rinsed three times with the rinse solution 
(50 mM sodium phosphate pH 7.0, 1 mM potassium ferricyanide and 1 mM 
potassium ferrocyanide), and stained overnight at 37°C with the staining solution 
(rinse solution added with 2.0 mM X-Gluc). The stained tissues were subjected to 
wash with ethanol series to remove chlorophyll. After the complete removal of 
chlorophyll, the stained tissues were immersed in clearing solution (7.5 g of gum 
Arabic, 100 g of chloral hydrate, 5 ml of glycerol and 30 ml of water) and observed 
under light microscope.  
 
2.4.6 Non-radioactive in situ hybridization  
The experiment of non-radioactive in situ hybridization was performed following the 
method previously described (Yu et al., 2002).  
 
2.4.6.1 Plant samples fixation and embedding  
Paraformaldehyde solution was used as the fixative to fix the samples used for in situ 
hybridization. 4% paraformaldehyde (w/v) was dissolved in preheated 1X PBS 
solution (0.13 M NaCl, 7 mM Na2HPO4 and 3 mM NaH2PO4, pH 7.0), the pH of 
which was adjusted to 10-11 using NaOH. The solution was put on ice, and the pH 
value of the solution was brought back to 7 with H2SO4.  
 
Plant tissues were collected and immersed into the pre-cold paraformaldehyde 
solution. For the collection of vegetative shoot apices, all the leaves were removed. 
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The plant tissues within the fixative were placed on ice and vacuum was applied until 
the bubbles started to form in the solution, and the vacuum was held for 10-15 min 
before release slowly. This process was repeated until the plant tissues started to sink. 
The fixative was replaced with freshly prepared fixative and the samples were kept at 
4°C with gentle rotation.  
 
After the overnight fixation, the plant tissues were washed twice with 1X PBS buffer 
for 30 min each at 4°C, followed by dehydration with ethanol series, which were 30%, 
40%, 50%, 60%, 70% and 85% ethanol. The samples were kept in the different 
concentrations of ethanol for 1 hr each at 4°C with gentle rotation, followed by 
washing overnight with 95% ethanol supplemented with eosin for staining of the plant 
tissues. Further dehydration was carried out by washing the samples with 100% 
ethanol supplemented with eosin at room temperature for four times, continuing for 
30 min, 30 min, 1 hr, 1 hr, respectively. After dehydration, the samples were 
infiltrated with histoclear by a series wash using the solution containing increasing 
concentrations of histoclear and decreasing concentrations of ethanol, which were 
25% histoclear with 75% ethanol, 50% histoclear with 50% ethanol, and 75% 
histoclear with 25% ethanol. The samples were kept in these solution at room 
temperature for 1 hr each with rotation, followed by additional wash with 100% 
histoclear twice for 1 hr each. After the final wash, the histoclear was replaced with 
new 100% histoclear solution, and about 1/4 volume of paraplast chips were added to 
the solution and kept overnight at room temperature. After the overnight incubation 
with paraplast chips, the samples were placed into 42°C oven. After the paraplast 
chips melted completely, another 1/4 volume of paraplast chips were added to the 
solution and kept at 42°C until the paraplast melted completely. Then, the samples 
  55 
was transferred to 55°C for several hours before the solution was replaced by freshly 
melted paraplast chips and kept overnight at 55°C. On the next day, two wax changes 
separated by several hours were carried out by replacing the wax with freshly melted 
paraplast chips. The wax change was repeated for another two days. After the three 
days of wax change, the samples were placed in molds, and kept at 4°C.  
 
2.4.6.2 Sectioning  
The sections used for in situ hybridization were 7-8 μm thick, which were sitting on 
ProbeOn Plus slides (Fisher Biotechnology, USA). The slides are pre-cleaned and 
positively charged, and also have white frosting on one side, which makes them 
possible to be sandwiched together during the hybridization and detection steps.  
 
Before sectioning, the incubator was pre-heated to 42°C. The slides were placed on 
this incubator and several drops of DEPC-treated water were applied on the slides. 
The sections were made to be 7-8 μm and continuous to form a ribbon of tissue. The 
ribbons of tissue were handled using tooth sticks and made to float ("shiny" side down) 
on the top of water of the slides. After several minutes when the ribbons were 
flattened out, the excess water was drained off using Kimwipe. The slides were 
incubated on the 42°C incubator overnight to allow the tissue adhere to the slides. On 
the next day, the slides can be used directly, or kept at 4°C with desiccant up to 
several weeks.  
 
2.4.6.3 Synthesis of RNA probe  
For the design of in situ probes, a DNA region of 300 bp-1.5 kb was selected from the 
cDNA sequence of the target gene based on the criteria that this DNA region was 
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highly specific for the particular gene. After PCR amplification of the DNA fragment 
using gene-specific primers, the fragment was cloned to the pGEM-T easy vector. The 
pGEM-T easy vector contains T7 and SP6 promoters on each side of the multiple 
cloning site. The resulting plasmid was linearized with appropriate restriction 
enzymes which do not leave a 3’ overhang. Make sure that the restriction enzyme 
cutting is completed. After restriction enzyme digestion, the linearized plasmid was 
purified using Gel/PCR DNA fragment purification kit as described in section 2.2, 
and used as the template DNA for in vitro transcription. The in vitro transcription and 
labeling reaction was set up by mixing the template DNA (1 μg), 5X transcription 
buffer, 10X DIG labeling mix (Roche, Germany), RNase inhibitor (Promega, USA), 
T7 or SP6 RNA polymerase (Promega, USA) and DEPC-treated water. The use of T7 
or SP6 RNA polymerase depended on whether the probe to be synthesized is sense or 
antisense. The transcription reaction was incubated at 37°C for 2 hr. After incubation, 
40 U of RNase-free DNase (Roche, Germany) was added to the reaction and 
incubated at 37°C for another 30 min. After this step, 1 μl of the product was analyzed 
by agarose gel electrophoresis to examine whether the transcription was successful.   
 
For the use in in situ hybridization, the DIG-labeled RNA probe was chopped up into 
pieces between 75 and 150 bp long by carbonate hydrolysis. The above-finished 
transcription reaction was topped up to 100 μl using DEPC-treated water, and 100 μl 
2X CO3- buffer (80 mM NaHCO3, 120 mM Na2CO3) was added to each reaction. The 
reaction was incubated at 60°C, and the time for incubation was calculated using the 
formula as follows: Time (min) = (Li-Lf)/0.11*Li*Lf. In this formula, Li refers to 
initial length of probe (in kb) and Lf refers to the final length of the probe (0.15 kb).  
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After the carbonate hydrolysis was completed, the reaction was neutralized with 10 μl 
10% acetic acid (v/v). This solution was mixed with 1/10 volume of 3 M NaOAc (pH 
5.2), 2.5 volumes of ethanol and 2 μl of tRNA (10 mg/ml), and kept at -20°C 
overnight for RNA precipitation. On the following day, the RNA was pelleted by 
centrifugation at the maximum speed for 20 min at 4°C. The RNA pellet was washed 
with 70% ethanol, resuspended in 80 μl of 50% formamide (v/v), and stored at -80°C. 
 
2.4.6.4 Pretreatment of in situ sections  
All of the pipette tips, solutions, glassware used in this section were autoclaved at 
121°C for 1 hr before use. The plastic container where the slides were put in during 
the hybridization process was treated with 0.1 M NaOH overnight and rinsed with 
sterile water before use.  
 
The sections were firstly deparaffinized with two washes of histoclear for 10 min each 
with gentle shaking at room temperature. After deparaffinization, the sections were 
rehydrated with the ethanol series, which were two times of 100%, 95%, 90%, 80%, 
60%, 30% ethanol for 1-2 min each. The sections were then immersed in H2O with 
gentle shaking for 1-2 min. The slides were then washed with 2X SSC (0.3 M NaCl 
and 30 mM sodium citrate) for 15-20 min followed by proteinase K (1μg/ml) 
treatment in pre-warmed 100 mM Tris pH 8.0 and 50 mM EDTA at 37°C with gentle 
shaking. The proteinase K treatment was terminated with washing by 2 mg/ml glycine 
dissolved in PBS for 2 min at room temperature, and followed by washing with PBS 
twice for 2 min each. The sections were then incubated with freshly prepared 4% (w/v) 
paraformaldehyde in PBS solution at room temperature for 10 min, followed by two 
washes with 1X PBS solution for 5 min each. The slides were then incubated for 10 
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min with 0.1 M triethanolamin (pH 8.0) and acetic anhydride. The triethanolamine 
and acetic anhydride was prepared by adding 2.68 ml of triethanolamine into 200 ml 
RNase-free water. The pH value was adjusted to 8.0 with 0.8 ml of HCl, followed by 
dispensing 1 ml of acetic anhydride into the above solution and vortexing vigorously 
just before putting slides in. After another two washes using 1X PBS, the slides were 
dehydrated with ethanol series, which were 30 sec of 30%, 60%, 80%, 90%, 95%, 
100% and 100% ethanol. The slides were used for in situ hybridization immediately 
or stored at 4°C in a container with a little ethanol up to several hours.  
 
2.4.6.5 In situ hybridization  
For hybridization process, the hybe solution for 3 pairs of slides was prepared by 
mixing 100 μl of 10X in situ salt (3 M NaCl, 100 mM Tris pH 8, 100 mM Sodium 
phosphate pH 6.8 and 50 mM EDTA), 400 μl deionized formamide (Sigma, USA), 
200 μl 50% dextran sulfate (Sigma, USA), 20 μl 50X denhardts solution, 10 μl 10 
mg/ml tRNA and 70 μl DEPC-treated water. Each RNA probe (1-2 μl) was added to 
50% formamide to make the total volume to be 60 μl used for each pair of slides. At 
the same time, the slides were air-dried on clean paper towels. For each 60 μl probe, 
240 μl of hybe solution was added so that the final volume was 300 μl. The probe was 
applied by adding 240 μl of the above solution to the middle of one slide and slowly 
massaging the other slide on top until the two slides were sandwiched together. The 
slides were then elevated above wet paper towels placed in the pre-treated plastic 
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2.4.6.6 In situ post-hybridization 
After hybridization overnight, the sandwiched of slide pairs were separated and rinsed 
in pre-warmed 0.2X SSC solution, followed by three washes for 1 hr each with pre-
warmed 0.2X SSC at 55°C with gentle agitation. The slides were then washed using 
1X PBS for 5 min at room temperature. The blocking was performed by immersing 
the slides in the 1% Boehringer block dissolved in the solution of 100 mM Tris pH 
7.5 and 150 mM NaCl for 45 min at room temperature, followed by keeping the slides 
in 1.0% Bovine Serum Albumin (BSA) dissolved the solution containing 100 mM 
Tris pH 7.5, 150 mM NaCl and 0.3% Triton X-100 (BSA/Tris/NaCl/Triton) for 
another 45 min. After blocking, anti-dig antibody (Roche, Germany) was diluted with 
water to a ratio of 1:500 in the above-mentioned BSA/Tris/NaCl/Triton solution. The 
diluted antibody was applied to the slides by sandwiching each pair of slides together 
which allowed capillary action to pull up the antibody solution. The slides were 
carefully handled to avoid the formation of bubbles. The slides were elevated above 
wet paper in the plastic container and incubated at room temperature for 2 hr. 
Subsequently, the slide pairs were separated and washed four times in 
BSA/Tris/NaCl/Triton solution for 15 min each wash. The slides were then washed 
with the solution of 100 mM Tris pH 9.5, 100 mM NaCl and 50 mM MgCl2 
(Tris/NaCl/MgCl2) and each slide pair was dipped into the solution to ensure that all 
traces of detergent was washed off.  For detection, the Tris-NaCl-PVA solution was 
prepared by dissolving 10% (w/v) polyvinyl alcohol (PVA, Sigma) in the above 
mentioned Tris/NaCl/MgCl2 solution. 200 μl NBT/BCIP stock solution (Roche, 
Germany) was added into every 10 ml of Tris/NaCl/PVA solution to make the 
substrate solution. Subsequently, 300 μl of substrate solution was dropped on the one 
slide and slowly massaged the other slide on top until the two slides were sandwiched 
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together. The slides were elevated above wet paper towels in the plastic container in 
total darkness for overnight to 1 day. On the following day, the slides were separated 
and rinsed in tap water at least for three times to stop the detecting reaction. The 
slides were then dehydrated through the ethanol series of 70%, 100% and 100%. The 
slides were kept in ethanol to a minimum time because the color product was soluble. 
Each slide was air-dried and mounted with 50% glycerol. The slides was observed 
under light microscope immediately or kept at room temperature.  
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2.5 Yeast two-hybrid assay  
The yeast two-hybrid assay was performed using the Yeastmaker Yeast 
Transformation System 2 according to the manufacturer’s instructions (Clontech, 
USA). 
 
2.5.1 Plasmid construction for use in yeast two-hybrid assay 
The gene cloning processes were the same as described in section 2.2. The plasmid 
used were pGADT7 (AD) and pGBKT7 (BD) vectors (Clontech, USA), which 
contain the GAL4 DNA activation domain and binding domain, respectively. Genes 
of interest were cloned into the both AD and BD vectors.  
 
2.5.2 Yeast two-hybrid assay (small scale) 
 
2.5.1.1 Preparation of yeast competent cells for transformation  
AH109 yeast strain was used in this yeast two-hybrid assay. The glycerol stock of 
AH109 cells stored in -80°C was thawed on ice and streaked on YPDA agar plate 
(20g/L difco peptone, 10g/L yeast extract, 2% glucose, 20g/L Agar and 0.003% (w/v) 
adenine hemisulfate). After growing at 30°C for 2-3 days, one single colony with a 
diameter of 2-3 mm was inoculated into 50 ml of YPDA liquid medium in a flask and 
incubated at 30°C with vigorous shaking until the OD600 reached 0.15-0.3. The yeast 
cells were transferred to a 50 ml Falcon tube and harvested by centrifugation at 700 x 
g for 5 min. The cells were then resuspended in 100 ml fresh YPDA and kept at 30°C 
with vigorous shaking. Three to five hours later, when the OD600 of the cell culture 
reached 0.4-0.5, the yeast cells were harvested as mentioned above. Subsequently, the 
yeast cell pellet was resuspended in 60 ml of deionized sterile water followed by 
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centrifugation at 700 x g for 5 min. After the supernatant was discarded, the cells 
were resuspended in 3 ml of 1.1 X TE/LiAc solution (freshly diluted using 10X LiAc 
(1M LiAc pH 7.5) and 10X TE (0.1 M Tris pH 7.5, 10 mM EDTA)). The cell 
suspension was then splitted into two 1.5 ml Eppendorf tube, followed by 
centrifugation at the maximum speed for 15 sec. Each cell pellet was then 
resuspended in 600 μl 1.1X TE/LiAc buffer. The resulting competent cells were ready 
to use or kept at room temperature for up to several hours without losing activity.  
 
2.5.1.2 PEG-mediated transformation  
Co-transformation of the AD and BD vectors were carried out by mixing 300 ng of 
the AD and BD plasmids each, 5 μl denatured Herring Testes Carrier DNA (Clontech, 
USA) in a sterile, pre-chilled 1.5 ml Eppendorf tube. The denatured Herring Testes 
Carrier DNA was prepared by denaturing the Carrier DNA at 100°C for 5 min 
followed by chilling immediately on ice. The denaturing process was repeated again 
before use. 50 μl of yeast competent cells were added to each tube of mix of plasmids 
and Carrier DNA followed by gentle vortexing. Subsequently, 0.5 ml PEG/LiAc 
solution (8 ml 50% PEG 3350 (w/v), 1 ml 10 X TE and 1 ml 10 X LiAc) was added to 
each tube. The tubes were then mixed thoroughly by gentle vortexing and incubated at 
30°C for 30 min. After incubation, 20 μl of DMSO was added into each tube and 
mixed thoroughly, followed by incubation at 42 °C for 10 min. The cells were then 
harvested by centrifugation at the maximum speed for 15 sec. After removal of the 
supernatant, the pellet was washed with 1 ml 0.9% NaCl (w/v), followed by 
centrifugation to pellet the cells. The cells were then resuspended in 75 μl of 0.9% 
NaCl, and splitted into three parts equally and dropped on SD/-Trp/-Leu, SD/-His/-
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Trp/-Leu and SD/-Ade/-His/-Trp/-Leu agar plates (Clontech, USA). The plates were 
incubated at 30°C for 3-4 days. 
 
2.5.3 Yeast two-hybrid screening with cDNA library and Bait 
To increase the transformation efficiency, the yeast-two hybrid assay was performed 
by sequential transformation of the Bait plasmid and cDNA library, instead of the co-
transformation described in section 2.5.2. The bait plasmid was transformed to 
AH109 cells as described in section 2.5.2, and grown on SD/-Trp agar plate (Clontech, 
USA). The yeast competent cells harboring the bait plasmid were made following the 
method described in section 2.5.2.1, except that the medium used to grow the yeast 
was replaced by SD/-Trp liquid medium. For transformation, 10 μg of plasmids of the 
cDNA library were mixed with 20μl denatured Herring Testes Carrier DNA in a 
sterile, pre-chilled 15 ml Falcon tube. 600 μl yeast competent cells were added to the 
tube and mixed well. Subsequently, 2.5 ml PEG/LiAc solution was added. The tubes 
were then mixed thoroughly by gentle vortexing and incubated at 30°C for 45 min. 
After incubation, 160 μl of DMSO was added into the tube and mixed thoroughly, 
followed by incubation at 42 °C for 20 min. The cells were then harvested by 
centrifugation at 700 x g for 15 sec. After removal of the supernatant, the pellet was 
resuspended in 3 ml YPD plus liquid medium (Clontech, USA), followed by 
incubation at 30°C for 90 min with gentle shaking, which could significantly increase 
transformation efficiency. Subsequently, the cells were harvested by centrifugation 
and resuspended in 1 ml 0.9% NaCl. 10 μl was taken out from the cell suspension, 
and diluted 10 fold, 100 fold and 1,000 fold and spread over on SD/-Trp/-Leu plates. 
The rest of cell suspension was spread over on SD/-His/-Trp/-Leu plates. The plates 
were incubated at 30°C for 7 days. The numbers of colonies formed on the SD/-Trp/-
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Leu plates were used to calculate the transformation efficiency. The colonies that 
survived on the SD/-His/-Trp/-Leu plates indicated the interaction between the bait 
and prey proteins.  
  
The colonies surviving on the SD/-His/-Trp/-Leu medium were picked out and 
streaked on SD/-Ade/-His/-Trp/-Leu plates supplemented with 5-bromo-4-chloro-3-
indolyl alpha-D-galactopyranoside (X-α-gal, Clontech). Only the colonies, which 
survived on the SD/-Ade/-His/-Trp/-Leu medium and turned blue, were selected for 
further studies. 
  
2.5.4 PCR amplification with yeast colonies 
The identities of the AD plasmids harbored by the yeast colonies survived and turned 
blue were determined by PCR amplification and sequencing. One single yeast colony 
was picked, dissolved in 5 μl sterile water, frozen in liquid nitrogen and thawed at 
room temperature. The frozen and thawed step was repeated for another three times. 
Subsequently, 1 μl each of the yeast cell suspension was used as the template to 
perform PCR amplification with pGAD-T7 (5’-TAATACGACTCACTATAGGG-3’) 
and AD-R (5’-AGATGGTGCACGATGCACAG-3’). The PCR products were 
separated by agarose gel electrophoresis. The DNA fragments were cut from the gel 
and purified as described in section 2.2.1. The nucleotides sequences were determined 
by DNA sequencing and analyzed by BLAST as described in section 2.2.5. For some 
colonies, it was difficult to obtain the sequences via PCR and sequencing, an 
alternative method described below was also used to obtain the sequences.  
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2.5.5 Yeast plasmid extraction  
The yeast colonies that survived and turned blue on the SD/-Ade/-His/-Trp/-Leu were 
inoculated into 3 ml liquid medium of SD/-Ade/-His/-Trp/-Leu, and incubated in 
30°C for 3-4 days with vigorous shaking. The yeast plasmids were extracted with 
Yeast Plasmid Extraction Kit (Omega Bio-Tek, USA) according to the manufacturer’s 
instructions. The resulting plasmids contains both the bait and prey plasmids. The 
plasmids were then transformed to E.coli competent cells via heat shock as described 
in section 2.2.2.2, followed by screening on LB agar plates supplemented with 
ampicillin. Subsequently, single colonies were picked out from each LB plate, grew 
and the plasmids were extracted. These resulting plasmids were the prey plasmids, the 
identities of which were determined by sequencing.  
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2.6 Generation of transgenic plants  
 
2.6.1 Transformation of constructs to Agrobacterium tumefaciens 
The Agrobacterium strain GV3101 was used. Before transformation, the 
Agrobacterium competent cells were prepared. The frozen stock of Agrobacterium 
cells from -80°C was thawed on ice, streaked evenly onto a LB plate supplemented 
with 20 mg/l gentamicin, 50 mg/l tetracyclin and 50 mg/l rifampicin, and incubated at 
28°C overnight. On the following day, a single colony was picked and inoculated to 
3ml LB liquid medium plus the antibiotics mentioned above, and incubated overnight 
at 28°C with vigorous shaking. The overnight culture was transferred into 100 ml 
fresh LB medium plus the antibiotics and grown at 28 °C by vigorously shaking until 
the optical density (OD600) reached 0.6. The bacterial culture was then transferred to 
ice-cold Faclon tube and kept on ice for 20 min before centrifugation at 1,200 x g for 
10 min at 4 °C. The bacterial pellet was gently resuspended in 8 ml sterile water, kept 
on ice for 10 min, and centrifuged as previously mentioned. The pellet was 
resuspended again in 8 ml ice-cold sterile water. The cell suspension was incubated 
on ice for another 10 min, and stored in aliquots of 100 μl in 1.5 ml Eppendorf tube 
frozen by liquid nitrogen in -80°C until use. 
 
The transformation of construct into Agrobacterium competent cells were carried out 
via the electroporation method. The frozen stock of Agrobacterium competent cells 
were removed out from -80°C and thawed on ice, before 100-200 ng of plasmids 
DNA was added and placed on ice for 30 min. The competent cells were then loaded 
into a pre-chilled 1 mm Gene Pulser cuvette (Bio-Rad, USA). The electroporation was 
carried out with BioRad MicroPulserTM (Bio-Rad, USA). The cuvette was kept on ice 
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for another 1-2 min before 1 ml of LB medium was added. The competent cells 
together with LB medium were transferred into a 1.5 ml Eppendorf tube and 
incubated at 28°C for 4 hr with gentle shaking. After incubation, the cells were 
harvested by centrifugation at 3,000 rpm for 10 min and spread onto LB agar plates 
supplemented with 20 mg/l gentamycin, 50 mg/l tetracycline, 50 mg/l rifampicin and 
appropriate antibiotics depending on the plasmids transformed (kanamycin for pGreen 
vectors and spectinomycin for PER 8 vector). The plates were then incubated at 28°C 
for 2-3 days. Verification of the colonies via PCR amplification was carried out as 
described in section 2.2.3.  
 
 2.6.2 Agrobacterium-mediated plant transformation 
The constructs were introduced into Arabidopsis plants via the method of 
Agrobacterium-mediated floral dip transformation (Clough and Bent, 1998). Single 
colony of Agrobacterium harboring the desired construct was inoculated into 3 ml of 
LB liquid medium supplemented with the antibiotics mentioned above and incubated 
at 28°C overnight with vigorous shaking. On the next day, the 3 ml Agrobacterium 
culture  was transferred to 100 ml LB medium and grown at 28°C until the OD600 
value reached 0.8-1.0. The bacteria were then harvested by centrifugation at 4,000 
rpm for 15min and resuspended in 100 ml of 5% sucrose (w/v) solution supplemented 
with 0.015% Silwet L-77.  
 
Transformation of Arabidopsis plants was carried out by dipping the floral buds into 
Agrobacterium cell suspension for 1 min. The inoculated Arabidopsis plants were put 
in trays, covered with plastic dome to maintain high humidity and kept in darkness for 
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16-48 hr. Subsequently, the plants were kept grown in the plant growth room and the 
seeds were harvested.  
 
The transformants transformed with pGreen vectors were selected with Basta® (Finale, 
AgrEvo, USA), while those transformed with pER8 vectors were selected with 
hygromycin. For Basta® selection, 300 mg/l of Basta solution was sprayed over the 
plants which were about 5-day-old after germination. For hygromycin selection, the 
seeds were sown on MS medium supplemented with hygromycin. Around 10 days 
later, the putative transformants were distinguished from others, and were transferred 
to soil and kept grown in the growth room.  
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2.7 Genetic crossing of Arabidopsis plants  
In order to study the genetic interaction of different genes, genetic crossing was 
performed to generate different combination of Arabidopsis transgenic plants or 
mutants.  
 
The plants at reproductive stages (4-6 weeks old) were used for genetic crossing. The 
recipient (mother) flower, which was unopen and unpollinated, was selected by 
removing all the floral organs except the carpel under a dissecting microscope. The 
stamen were removed from the donor flowers (father), which were opened and had 
mature pollen, and brushed over on the stigma of the recipient flower under a 
dissecting microscope. After pollination, the crossed flowers were labeled properly 
and allowed to continue to grow in the plant growth room for seed set.  
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2.8 Protein extraction from plant tissues 
 
2.8.1 Total protein extraction 
The total proteins were extracted using CellLytic P cell lysis reagent (Sigma, USA). 
Plant tissues were harvested and frozen in liquid nitrogen. The tissues were 
homogenized with a pestle and mortar in liquid nitrogen, before CellLytic P cell lysis 
buffer was added (1 ml buffer was sufficient to extract 0.5 g plant tissues).  The 
tissues suspension was mixed thoroughly, kept on ice for 10 min followed by 
centrifugation at the maximum speed for 10 min to remove the cell debris. The 
supernatant part which was the total protein extracted was transferred to a new 1.5 ml 
Eppendorf tube, and the proteins were immediately or stored at -80°C. 
 
2.8.2 Nuclear protein isolation 
The buffer M1 (10 mM potassium phosphate, pH 7.0, 0.1 M NaCl, 10 mM beta-
mercaptoethanol, 1 M hexylene glycol), buffer M2 (10 mM potassium phosphate, pH 
7.0, 0.1 M NaCl, 10 mM beta-mercaptoethanol, 1 M hexylene glycol, 10 mM MgCl2, 
0.5% Triton X-100) and buffer M3 (10 mM potassium phosphate, pH 7.0, 0.1 M NaCl, 
10 mM beta-mercaptoethanol), were prepared and kept on ice. The samples were 
collected and powdered with a mortar and pestle in liquid nitrogen. Sufficient amount 
of M1 buffer was added to the tissue homogenizer and transferred into a 1.5 ml or 2 
ml Eppendorf tube, followed by centrifugation at the maximum speed for 10 min. 
After the supernatant was discarded, the pellet was resuspended in 1 ml M2 buffer, 
mixed thoroughly, and centrifuged at the maximum speed for another 10 min. The 
supernatant was green in color because of the dissolve of the cytosolic part of the cell. 
After discarding the supernatant, the pellet was washed for another 2-4 times with M2 
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buffer until the supernatant turned white. Subsequently, the pellet was washed twice 
with 1 ml M3 buffer as the method described for washing with M2 buffer. After the 
final wash, the pellet was resuspended in 250-500 μl sonication buffer (10 mM 
potassium phosphate pH 7.0, 0.1 M NaCl, 10 mM EDTA pH 8.0, 0.5% (w/v) 
sarkosyl), vortexed vigorously, and centrifuged at the maximum speed for 10 min. 
The nuclear protein was dissolved in the sonication buffer. The supernatant was then 
transferred a new Eppendorf tube. The protein can be used immediately or stored at -
80°C.  
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2.9 In vitro GST pull down 
 
The in vitro GST pull down process is summarized in Figure 3. In this experiment, 
one protein was fused with GST, expressed in E.coli and purified by affinity 
purification. At the same time, the other protein was synthesized with the in vitro 
translation system. The detailed methods are described below. 
 
2.9.1 Recombinant protein expression in E.coli  
The genes of interest were cloned into pGEX-6p-2 vector (Pharmacia, USA), which 
contains the DNA sequence encoding GST and allows in-frame fusion of protein of 
interest and GST. The resulting plasmids were transformed into the BL21 E.coli strain. 
One single colony was selected, and after verification via PCR amplification, the 
colony was inoculated into 3 ml of LB medium supplemented with ampicillin and 
incubated at 37°C overnight with vigorous shaking. On the next day, the overnight 
cell culture was transferred to 200 ml of LB liquid plus ampicillin and grown until the 
OD600 value reached 0.6-1.0. The protein of interest fused with GST was induced at 
16°C by the supplement of Isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final 
concentration of 0.2 mM, and incubated for 12-24 hr. The cells were then harvested 
by centrifugation at 3,000 rpm for 20 min.  
 
The cell pellets from the previous step was lysed and purified as described below. The 
cells were resuspended in 35 ml of  pre-chilled lysis buffer (10 mM Tris pH 8.0, 0.1 
M NaCl, 1 mM EDTA, 0.5 mM DTT and 1% Triton X-100). The cell suspension was 
then subjected to sonication to disrupt the cells, followed by centrifugation at 10,000 
rpm for 20 min. The cell lysate was then transferred to 50 ml Falcon tube and mixed 
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with 250 μl glutathione sepharose beads (Amersham Biosciences, USA). This 
solution was incubated at 4°C with rotation for 2-3 hr to allow the GST-tagged protein 
to bind to the glutathione sepharose beads. Subsequently, the beads were pelleted by 
centrifugation at 1,000 rpm for 5 min. After discarding the supernatant, the beads 
were washed with the cell lysis buffer for at least three times. After the final wash, the 
beads were analyzed by SDS-PAGE gel electrophoresis followed by staining with 
Comassie blue (sections 2.9.4 and 2.9.5). The beads can be kept at 4°C up to several 
weeks. 
 
2.9.2 Expression of protein of interest using in vitro translation system 
The synthesis of protein of interest was performed with TNT T7 Quick Coupled 
Transcription/Translation System (Promega, USA) according to the manufacturer’s 
instructions. The genes of interest were cloned into the pGADT7 or pGBKT7 vectors, 
which contains the DNA sequence of HA or MYC epitope tag, respectively, which 
allows the detection of protein translated via western blot. The pGBKT7 vector was 
directly used in the TNT system, while the pGADT7 vector was firstly linearized 
before subjected into the TNT system. The in vitro transcription/translation reaction 
was set up by mixing the 1 μg plasmid DNA template with 40 μl TNT Quick  
Coupled Transcription/Translation Master Mix, 1 pmol methionine and topped up to 
50 μl with nuclease-free water. The reaction was incubated at 30°C for 90 min. The 
protein translated can be used immediately or stored at -80°C. 
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2.9.3 In vitro pull-down assay  
The two proteins, one immobilized on the GST beads (30 μl) from section 2.8.1 and 
the other synthesized from in vitro-translation system, were mixed together in 1 ml of 
pre-colded IP buffer (50 mM Hepes pH 7.5, 150 mM KCl, 5 mM MgCl2, 10 μM 
ZnSO4, 1% Triton X-100 and 0.05% SDS) and incubated at 4°C for 2-3 hr with 
rotation. Subsequently, the beads were precipitated by centrifugation at 2,500 rpm for 
1 min at 4°C. The beads were then washed with 1 ml IP buffer at 4°C for 10 min with 
rotation, and precipitated again. The previous step was repeated for another three to 
four times to remove any non-specific binding.  The beads were then used for SDS-
PAGE gel electrophoresis and the fusion protein was detected with western blot. For 
this in vitro pull-down assay, GST protein immobilized on the GST beads (30 μl) was 
used as the negative control and subjected to the same experimental process as the 
GST fusion proteins.  
 
2.9.4 SDS-PAGE gel electrophoresis  
SDS-PAGE gel electrophoresis (sodium dodecyl sulfate polyacrylamide gel 
electrophoresis gel electrophoresis) is a technique commonly used for separating 
proteins according to the elctrophoretic mobility, such as molecular weight, post-
translational modifications.  
 
Prior to the electrophoresis, the SDS-PAGE gel was set up and assembled. The SDS-
PAGE gel is comprised of a separating gel on the bottom and a stacking gel on the top. 
The separating gel was set up by mixing appropriate amount of 30% polyacrylamide, 
1.5M Tris pH 8.8, 10% SDS, distilled water, 10% ammonium persulfate (AP) and 
TEMED. The solution was mixed thoroughly and immediately loaded into the gel 
  76 
caster. After the separating gel was polymerized, the stacking gel was set up by 
mixing appropriate amount of 30% polyacrylamide, 0.5M Tris pH 6.8, 10% SDS, 
distilled water, 10% AP and TEMED, and loaded into the gel caster on top of the 
separating gel. The comb was placed to create the wells. After the polymerization of 
the stacking gel, the SDS-PAGE gel was ready to use. 
  
To prepare the protein samples for electrophoresis, appropriate amount of 6X SDS 
sample loading dye (125mM Tris-HCl pH 6.8, 2% SDS, 20% glycerol, 0.2% 
bromophenol blue) was added into the protein samples, and mixed thoroughly. The 
protein samples were subsequently denatured by boiling at 100°C for 10 min and kept 
on ice. 
 
The SDS-PAGE gel was assembled into the electrophoresis apparatus, and 1 X SDS 
running buffer (25 mM Tris, 196 mM glycine and 0.1% SDS) was added. The protein 
samples and Precision Plus ProteinTM standards All blue maker (Biorad, USA) were 
loaded into wells of the SDS-PAGE gel. Subsequently, the gel was run at 30 mA. 
After electrophoresis, the gel was stained with Coomassie blue or continued with 
western blot depending on different purposes of the experiments.  
 
2.9.5 Coomassie blue staining  
After electrophoresis, the gel was placed in the staining solution (0.1% Coomassie 
Brilliant Blue R-250 dissolved in 10% acetic acid, 20% methanol and 70% distilled 
water), and incubated at room temperature for 20-60 min with shaking. The staining 
solution was then replaced by the destaining solution (10% acetic acid, 20% methanol 
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and 70% distilled water) and incubated at room temperature with shaking until the 
protein bands were visible.  
 
2.9.6 Western blot  
After electrophoresis, the protein on the SDS-PAGE gel was transferred onto PVDF 
membrane in 1X transfer buffer (25 mM Tris, 196 mM glycine, 20% methanol (w/v)). 
The membrane was then blocked with 5% non-fat milk (w/v) in 1 X PBS buffer at 
room temperature for 1 hr or at 4°C overnight with shaking. After blocking, the 
membrane was transferred into 5% non-fat milk in 1X PBS buffer supplemented with 
primary antibody. In our experiment, HA and MYC antibodies (Santa cruz, USA) 
were diluted 1:1000 in 5% milk. The membrane was incubated with the appropriate 
primary antibody for 1 hr at room temperature or overnight at 4°C. Subsequently, the 
membrane was washed three times with 1X PBS buffer before it was transferred into 
5% non-fat milk in 1X PBST (PBS supplemented with 0.02% Tween 20) 
supplemented with secondary antibody and incubated at room temperature for 1 hr. 
The membrane was then washed three times with 1X PBST buffer, before it was 
detected using Supersignal west pico chemiluminescent substrate (Thermo Scientific, 
USA).  
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2.10 Generation of Antibody 
The peptide sequence STGAPVDSESSDTSLR (16 aa) from SVP was used for 
antibody production (GenScript, USA).  
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2.11 Coimmunoprecipitation assay 
The plant tissues were collected and ground with mortar and pestle in liquid nitrogen, 
and the total proteins were extracted using CellLytic P cell lysis reagent as described 
in section 2.7.1. The protein lysate was then incubated with Protein G PLUS-Agarose 
(Santa Cruz biotechnology) and anti-SVP antibody or preimmune serum at 4°C for 2 
hr, respectively. The immunoprecipitated proteins and the protein lysate as inputs 
were analyzed by SDS-PAGE and detected by anti-HA antibody (Santa Cruz, USA).  
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2.12 Chromatin immunoprecipitation  
 
2.12.1 Nuclear fixation with formaldehyde  
0.3-0.5 g of plant tissues were collected for each sample used for one Chromatin 
immunoprecipitation (ChIP) assay. The samples were collected and immersed into 
pre-colded MC buffer (10 mM potassium phosphate pH 7.0, 50 mM NaCl and 0.1 M 
sucrose) in Falcon tubes on ice. Appropriate amount of 37% formaldehyde solution 
was added in the MC buffer to make the final concentration to be 1%. Vacuum was 
applied to the samples for 40 min at 4°C. The fixation reaction was stopped by adding 
glycine powder to a final concentration of 0.15 M, followed by incubation at 4°C for 
20 min with shaking. Subsequently, the plant tissues were transferred to fresh MC 
buffer and washed at 4°C for 20 min with shaking. The plant tissues were washed for 
another two times, before they were dried on tissue towel and frozen in liquid 
nitrogen. The samples can be immediately used for ChIP assay or stored at -80°C.  
 
 
2.12.2 Chromatin extraction 
The extraction of nuclear Protein-DNA complex was performed as described in 
section 2.7.2.  
 
2.12.3 Sonication and immunoprecipitation  
The chromatin from section 2.9.2 was resuspended in 0.5 ml of sonication buffer. The 
sonication was performed to produce genomic fragments of around 500 bp. After 
sonication, the cellular debris was removed by centrifugation at the maximum speed 
for 10 min. The supernatant was transferred to a new Eppendorf tube, and the cellular 
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debris was resuspended in another 0.25 ml of sonication buffer to dissolve any 
remaining chromatin. After centrifugation as the previous step, the supernatant was 
combined together with the 0.5 ml chromatin solution collected earlier. A portion of 
each of the chromatin solution was saved as the input. The remaining chromatin 
solution was diluted with an equal volume of IP buffer, and incubated with specific 
antibody plus agarose beads at 4°C for 2-3 hr or overnight with rotation. The beads 
were then precipitated by centrifugation at 2,500 rpm for 1 min. Subsequently, the 
beads were sequentially washed with IP buffer for two times, high salt buffer (IP 
buffer supplemented with 350 mM NaCl), LNDET buffer (0.25 M LiCl, 1% Nonidet 
P-40, 1% deoxycholate, 1 mM EDTA), and TE buffer (10 mM Tris pH 7.5, 1 mM 
EDTA). After the final wash with TE buffer, the chromatin bound on the beads was 
eluted with 500 μl elution buffer (50 mM Tris pH 8.0, 1% SDS and 10 mM EDTA).  
 
2.12.4 Western bolt 
Western blot was performed as described in section 2.8.6 using the input an elute 
samples to examine whether the specific protein was pulled down by the antibody and 
eluted, before proceeding to the DNA analysis.  
 
2.12.5 DNA analysis  
The protein and genomic DNA were separated through reverse crosslink. To perform 
reverse crosslink, NaCl was added into both the input and elute solution to a final 
concentration of 0.3 M, followed by incubated at 65°C for overnight. Subsequently, 
DNase free-RNase I was added and incubated at 37°C for 30 min to remove RNAs, 
followed by proteinase K treatment at 45°C for 1-2 hr to remove the proteins. The 
DNA was then purified with QIAquick PCR purification kit (QIAGEN, USA) 
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according to the manufacturer’s instructions. Both the input and elute solution were 
mixed with appropriate amount of PB buffer (5 volume of PB buffer to 1 volume of 
DNA solution), followed by adding 3 M NaOAc (pH 5.2) to a final concentration of 5 
mM to make the solution less basic. The mixture was transferred to QIAquick spin 
column. The column was then centrifuged at high speed for 1 min, followed by 
washing with PE Buffer and elution with 50μl sterile water.  
 
DNA enrichment fold was determined with real-time PCR in triplicates as described 
in section 2.4.4. Relative enrichment fold of each DNA fragment was determined first 
by normalizing the amount of each DNA fragment against that of ACTIN, which was 
amplified as an internal control, and then by normalizing the value of sample analyzed 
against the value of control samples as a negative control. To summarize, the relative 
enrichment fold was calculated as 2(Ctsample analyzed input-Ctsample analyzed elute)/ 2(Ctcontrol sample 
input-Ctcontrol sample elute).  The primers used to amplify the genomic DNA regions are 
summarized in Table 5.  
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Table 5.  List of primers in ChIP assays.  
 
Gene name Primers 
SOC1-CHIP-1 5’- ATCCATACAGATTTTCGGACCT -3’ 5’- TATATCGGGAGGAGGACCACAC -3’ 
SOC1-CHIP-2 5’- GACCAAAAATAGCAAATGCCTC -3’ 5’- GAGGCTAGTACAGAGACAATGG -3’ 
SOC1-CHIP-3 5’- TTTATCTGTTGGGATGGAAAGA -3’ 5’- TCTCGTACCTATATGCCCCCACT -3’ 
SOC1-CHIP-4 5’- TTACAAGTGGGGGCATATAGGT -3’ 5’- AGTTGGATGGAAATGCCTGTCA -3’ 
SOC1-CHIP-5 5’- GGGAGGGAAAAAGATGTGTATG -3’ 5’- TGGACGCTTGAAACCTCATCCT -3’ 
SOC1-CHIP-6 5’- AGCAGAGAGAGAAGAGACGAGTG -3’ 5’- GCAAAAGAAGTAGCTTTCCTCG -3’ 
SOC1-CHIP-7 5’- CTTCTTCTCCCTCCAGTAATGC -3’ 5’- AAAAACCTAACCAGGAGGAAGC -3’ 
SOC1-CHIP-8 5’- ATATGGGTTTGGTTTCATTTGG -3’ 5’- GGATGCAACCTCCTTTCATGAG -3’ 
SOC1-CHIP-9 5’- ATCACATCTCTTTGACGTTTGCTT C -3’ 5’- GCCCTAATTTTGCAGAAACCAA -3’ 
SOC1-CHIP-10 5’- CTTTTGGTTTGAACTAATCTTTGTCTTG -3’ 5’- AATGAGCATGAAATGAAGCATGA -3’ 
SOC1-CHIP-11 5’- TGTTTCAGACATTTGGTCCATTTG -3’ 5’- AGTCTTGTACTTTTTCCCCCTATTTTAG -3’ 
FT-CHIP-1 5’- GCAATGTCAAAAAGAAAATCTCTCAA -3’ 5’- TGCACGACCAGGATAATTGG -3’ 
FT-CHIP-2 5’- CGTATTTGAGTTCGGACATTGG -3’ 5’- TCAAACATGTAGAATGAAGGCAGTTA -3’ 
FT-CHIP-3 5’- TGATTTCACCGACCCGAGTT -3’ 5’- AGGCATGAACCCTCTACACATATTTA -3’ 
FT-CHIP-4 5’- CAAGAGTTGAGATTGGTGGAGAAG -3’ 5’- CAAAAGGGAGTTCAAGTGAAAGAAC -3’ 
FT-CHIP-5 5’- CATCAATTTGTCTCCCAAAAAAGC -3’ 5’- GCGATCAGTAAAATACACAGACATACATAA -3’ 
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2.13 Transient expression in tobacco leaves  
The infiltration of tobacco (Nicotiana benthamidana) leaves around 3-4 weeks old 
with Agrobacterium was performed as previously described (Sparkes et al., 2006). In 
our experiments, the binary vectors used were pGreen vectors.  
 
For analysis of the localization of a single protein, the gene sequence was first cloned 
into pGreen-35S:GFP or pGreen-35S:RFP vector, to make an in-frame fusion with the 
GFP or RFP protein. The vector was then transformed into Agrobacterium, followed 
by infiltration into tobacco leaves. Two or three days later, the infiltrated leaves were 
observed under fluorescent microscope. 
 
For bimolecular fluorescence complementation (BiFC) analysis, the gene sequences 
were first cloned into pSAT1 vectors (Tzfira et al., 2005).  The resulting cassettes, the 
fusion protein of the gene of interest and nEYFP or cEYFP together with the 
constitutive promoter, were then cloned into pHY105 vector. The vectors were then 
transformed into Agrobacterium, followed by co-infiltration into tobacco leaves. Two 
or three days later, the infiltrated leaves were observed under fluorescent microscope.  
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2.14 Bioinformatics tools used in this study for sequence analysis or primer 
design 
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Table 6. List of bioinformatic tools used in this study 
 
 Name Purpose 
BLAST To compare sequence against database 
FASTA 
To compare protein sequence against Arabidopsis 
database 
ClustalW Multiple sequence alignment 
BoxShade Shading on the sequence alignment result 
SIGnAL 
Search for T-DNA insertion mutants and T-DNA 
primer design 
WMD2 Designer of artificial microRNA 
SMART Predication of protein domains 
eFP browser To view gene expression pattern in Arabidopsis 
TargetP To predict the subcellular localization of proteins 

















3.1 Identification of SVP interacting partners  
To further elucidate the function of SVP during floral transition and flower 
development, we carried out yeast two-hybrid screening to identify its interacting 
partners. The full-length cDNA region of SVP was cloned into the pGBKT7 vector, 
and the resulting construct was used as bait to screen a cDNA library. Part of the 
results of library screening was listed in Table 7. The screening process uncovered 
SOC1, which has been shown to interact with SVP in yeast two-hybrid assay (de 
Folter et al., 2005), suggesting that the screening was successful and reliable. Another 
identified protein in the yeast two-hybrid screening, LIKE HETEROCHROMATIN 
PROTEIN 1 or TERMINAL FLOWER 2 (LHP1/TFL2), is involved in maintaining 
the repression state of genes involved in various developmental processes though 
recognizing H3K27me3 (Larsson et al., 1998; Turck et al., 2007; Zhang et al., 2007). 
Our results have demonstrated that SVP interacts with TFL2, and plays an important 
role to guide TFL2 to the SEPALLATA3 (SEP3) promoter to repress its expression 
(Liu et al., 2009b). Moreover, in the yeast-two hybrid screening, five out of over fifty 
survived colonies were identified as the C-terminal part of DnaJ homolog 3 (J3) 
protein, which contains 255 amino acid residues from 169 to 420 (Figure 4A). We 
cloned this C-terminal region, and confirmed its interaction with SVP by yeast two-
hybrid assay (Figure 4B). J3 (At3g44110) encodes a putative DnaJ-like heat shock 
protein, which contains a highly conserved J-domain in the N-terminus, followed by a 
glycine/phenylalanine (G/F) rich domain, a CXXCXGXG zinc finger domain, and a 
C-terminal domain (Figure 4A) (Zhou and Miernyk, 1999; Rajan and D'Silva, 2009). 
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A sequence comparison revealed that J3 homologs shared high sequence similarity 
across plant species and other eukaryotic organisms, such as yeast, zebrafish, mouse, 
and human (Figure 5). 
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AGI  Gene 
At5g17690 Like heterochromatin protein 1 (LHP1) or Terminal flower 2 (TFL2) 
At3g44110 J3, DnaJ heat shock protein 
At5g06140 Arabidopsis Sorting nexin 1 (AtSNX1) 
At5g18650 Zinc finger (C3H4-type RING finger) family protein 
At3g62970 Zinc ion binding 
At3g18290 Zinc ion binding 
At2g45660 SOC1 























Figure 4. J3 was isolated as a SVP-interacting partner in the yeast-two hybrid 
screening using BD-SVP as a bait.  
(A) Schematic diagram shows the domain structure of J3 whose C-terminus (J3-C) 
was identified from yeast-two hybrid screening using SVP as a bait. J3 contains a J-
domain (J) in the N-terminus, a G/F rich region (G/F), a CXXCXGXG zinc finger 
domain (Zn), and a C-terminal domain (C). 
(B) A yeast-two hybrid assay shows the interaction between J3-C and SVP. 
Transformed yeast cells were grown on SD/-Trp/-Leu/-His/-Ade medium (leaf panel) 
and SD/-Trp/-Leu medium (right panel). 
 


































Figure 5. The amino acid sequence of J3 is highly conserved among Eukaryotes.  
Amino acid sequences of Arabidopsis J3 and its homologs from various eukaryotic 
organisms are obtained from NCBI and are aligned. Conserved residues are shown in 
black, while similar residues are shown in gray. The regions encoding the J domain 
and CXXCXGXG zinc finger domain are indicated.  
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3.2 Loss of function of J3 delays flowering time in Arabidopsis 
To investigate the biological function of J3, we isolated two T-DNA insertional 
mutants, designated as j3-1 (Salk_132923) and j3-2 (Salk_141625), from TAIR 
(http://www.arabidopsis.org). j3-1 and j3-2 contained a T-DNA insertion in the fourth 
and last exon, respectively (Figure 6A). There was no detectable expression of J3 in 
either homozygous mutant line (Figure 6B), indicating that j3-1 and j3-2 are null 
mutants. Under long days (LDs) and short days (SDs), both j3-1 and j3-2 showed late 
flowering, while the former had much stronger phenotype (Figures 6C to 6E). The F1 
progenies from the cross between j3-1 and j3-2 flowered later than wild-type plants 
with an intermediate flowering phenotype as compared with their single mutants 
(Figure 8A), further indicating that j3-1 and j3-2 are allelic. To verify that the late-
flowering phenotype of j3-1 is attributed to loss of J3 function, we transformed j3-1 
with a genomic construct (gJ3) harboring a 4.5-kb J3 genomic region that includes 
2.2-kb upstream sequence, 1.9-kb full coding sequences plus introns, and 0.4-kb 3’ 
untranslated region. Most of j3-1 gJ3 T1 transformants exhibited comparable 
flowering time to wild-type plants (Figure 7), demonstrating that J3 is responsible for 
the late-flowering phenotype observed in j3-1. 
   
 
 































Figure 6. J3 regulates flowering time in Arabidopsis.  
(A) Schematic diagram shows the T-DNA insertion sites in j3-1 (Salk_132923) and 
j3-2 (Salk_141625) as well as the target site of the artificial microRNA in AmiR-j3. 
Exons and introns in the coding region are indicated by black and white boxes, 
respectively. The start codon (ATG) and stop codon (TAA) are labeled. 
(B) Semi-quantitative RT-PCR shows that J3 expression is undetectable in j3-1, j3-2, 
and AmiR-j3 #7. TUB2 was amplified as an internal control. 
(C) j3-1 and AmiR-j3 exhibit late-flowering under long days.  
(D) and (E) Flowering time of j3 mutants and AmiR-j3 #7 transgenic plants under 
long days (D) and short days (E). Error bars denote SD. 
 
 


















Figure 7. Distribution of flowering time in T1 transgenic plants harboring the J3 
genomic fragment in j3-1 background. 
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3.3 Downregulation of J3 has a dosage-dependent effect on flowering    
To confirm the J3 function in the control of flowering time, we also created J3 
knockdown transgenic plants by artificial microRNA interference (Schwab et al., 
2006). We generated 25 AmiR-j3 independent lines that expressed an artificial 
microRNA specifically targeting at the 3’ region of the J3 mRNA (Figure 6A), among 
which 19 lines exhibited different levels of late flowering under LDs. We measured 
J3 expression in 5 selected late-flowering lines, and found that the degrees of late 
flowering in AmiR-j3 plants were closely related to the downregulated levels of J3 
expression (Figures 8B to 8C), suggesting that downregulation of J3 has a dosage-
dependent effect on flowering. To exclude the possibility that the AmiR-J3 may have 
some off-target effects, the expression of J2, which is the closest homolog of J3 in 
Arabidopsis genome, was examined in the Amir-j3 transgenic lines (Figure 8D). J2 
expression remained unchanged in various Amir-j3 transgenic lines, suggesting that 
the Amir-j3 specifically knock down J3 expression. A representative line, AmiR-j3 #7, 
which had the lowest level of J3 expression, showed late flowering in both LDs and 































Figure 8. Downregulation of J3 expression delays flowering. 
(A) j3-1 and j3-2 are allelic. F1 plants (j3-1/+ j3-2/+) show intermediate flowering 
time as compared with their single mutants under long days. Error bars denote SD. 
(B) Independent AmiR-j3 transgenic plants show late flowering under long days. Error 
bars denote SD. 
(C) and (D) Expression of J3 (C) and its closest homolog J2 (At5g22060) (D) 
determined by quantitative real-time PCR in 9-day-old independent AmiR-j3 
transgenic seedlings. The downregulated levels of J3 expression (C) are closely 
related to the degrees of late flowering in AmiR-j3 plants (B), whereas the expression 
of J2 in these transgenic plants is not significantly changed as compared with that in 
wild-type plants (D). Error bars denote SD. 
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3.4 Overexpression of J3 did not significantly affect flowering 
To study the role of J3 in regulating flowering time, we also generated the 
constitutive overexpression transgenic lines of J3 driven by the cauliflower mosaic 
virus 35S promoter (35S:J3). In contrast to the significant late-flowering phenotype of 
J3 loss-of-function mutants, over 20 transgenic plants generated overexpressing J3 
showed normal flowering time (Figures 9A and 9B), implying that excessive amount 
of J3 might not affect flowering.  






























Figure 9. Overexpression of J3 does not significantly affect flowering. 
(A) Independent 35S:J3 transgenic lines show comparable flowering time as wild-
type plants under long days. Error bars denote SD. 
(B) Semi-quantitative RT-PCR shows upregulation of J3 expression in independent 
35S:J3 transgenic plants. 
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3.5 J3 is highly expressed throughout Arabidopsis development  
To examine the tissue expression pattern of J3, semi-quantitative RT-PCR was 
performed using total RNA extracted from various tissues. J3 was ubiquitously 
expressed in all the tissues examined with the lowest expression in flower buds 
(Figure 10). To monitor the detailed expression pattern of J3, we generated a J3: β-
glucuronidase (GUS) reporter construct, in which the J3 genomic fragment used for 
the gene complementation test (Figure 7), but without 3’ untranslated region, was 
fused to the GUS gene. Among 21 independent J3:GUS lines examined, 15 lines 
showed similar staining patterns. One representative line was selected for further 
detailed analysis of J3 expression patterns. J3:GUS showed strong GUS staining in 
almost all the tissues examined (Figures 11A to 11H). Stronger J3:GUS signals were 
detected in the radical-hypocotyl transition zone of germinating seeds (Figures 11A 
and 11B), the vegetative shoot apex (Figure 11C), the basal part of cauline leaves 
(Figure 11F), and the basal and distal ends of siliques (Figure 11H). 
 
In situ hybridization further revealed that J3 was expressed in the vegetative shoot 
apex and emerging young leaves (Figure 12A), and upregulated in the shoot apex 
during the floral transition (Figures 12B). This observation is consistent with J3 


































Figure 10. Semi-quantitative RT-PCR shows J3 expression in different organs of 
wild-type Col plants. R, roots; RL, rosette leaves; CL, cauline leaves; OF, open 
flowers; FB, flower buds; St, inflorescence stem; Sil, siliques; NTC, no-template 








































Figure 11. GUS staining of J3:GUS transgenic plants shows J3 expression 
pattern in various plant tissues.  
(A) to (H) Representative GUS staining of J3:GUS transgenic plants shows J3 
expression in a germinating seed collected 14 h (A) or 28 h (B) after stratification, a 
3-day-old seedling (C), a primary root (D), a rosette leaf (E), a cauline leaf (F), an 
open flower (G), and a silique (H). Inset in (C) shows stronger J3 expression in the 







































Figure 12. In situ localization of J3 expression in serial sections of vegetative 
shoot apices or shoot apices during the floral transition. 
(A) Serial longitudinal sections of a vegetative shoot apex of a 6-day-old wild-type 
plant hybridized with J3 antisense probe.  
(B) Serial longitudinal sections of a shoot apex of a 15-day-old wild-type plant during 
the floral transition hybridized with J3 antisense probe.  
(C) Serial longitudinal sections of a shoot apex of a 15-day-old wild-type plant during 
the floral transition hybridized with J3 sense probe as a control. 
Bars = 25 µm. 
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3.6 The Photoperiod, GA and vernalization pathways regulate J3 expression  
To investigate how J3 regulates flowering in response to various flowering signals, 
we examined J3 expression in different environmental conditions and flowering 
mutants. In wild-type Col plants under LDs, J3 expression gradually increased before 
and during the floral transition occurring 9 to 13 days after germination and remained 
at high levels afterwards. On the contrary, J3 was expressed at constantly lower levels 
under SDs within 18 days after germination (Figure 13A). These results suggest an 
effect of the photoperiod pathway in promoting J3 expression. However, J3 
expression was only slightly downregulated in loss of function of two regulators in 
the photoperiod pathway, FT and GIGANTEA (GI), in the Col background, but not 
affected by another key regulator, CONSTANS (CO) (Figure 13B). GA treatment 
consistently upregulated J3 expression in wild-type plants grown under SDs (Figure 
14A), implying that the GA pathway regulates J3. Similarly, J3 expression was also 
upregulated in wild-type plants by vernalization treatment (Figure 14B). However, 
dramatic downregulation of FLC in FRI FLC after vernalization did not enhance the 
upregulation of J3 in response to vernalization, indicating that vernalization regulates 
J3 expression in an FLC-independent manner.  
 
Like wild-type plants, j3-1 exhibited similar levels of delayed flowering at 16°C 
versus 23°C (Figure 15), suggesting that J3 is not directly involved in the 
thermosensory pathway. J3 expression was also not affected in the various mutants of 
the autonomous pathway (Figure 16), indicating that the autonomous pathway does 
not control J3 expression. In addition, several other flowering-time regulators, such as 
SOC1, AGL24, and SVP, which mediate flowering signals from various genetic 
pathways, also did not affect J3 expression (Figure 17). Taken together, these results 
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suggest that J3 perceives flowering signals from photoperiod, GA, and vernalization 
pathways, but does not act downstream of floral pathway integrators (i.e. SOC1 and 












































Figure 13. J3 expression is affected by the photoperiod pathway. 
(A) Temporal expression of J3 determined by quantitative real-time PCR in wild-type 
plants grown under long days (LDs) and short days (SDs). Error bars denote SD. 
(B) J3 expression determined by quantitative real-time PCR in the mutants of the 




























Figure 14. J3 expression is affected by GA or vernalization treatment.  
(A) Effect of gibberellin (GA) treatment on J3 expression determined by quantitative 
real-time PCR. Wild-type plants were treated weekly with exogenous GA (100 μM). 
Seedlings treated for 1 week (W1) or 3 weeks (W3) were harvested for expression 
analysis. Error bars denote SD. 
(B) Effect of vernalization treatment on J3 expression determined by quantitative 
real-time PCR. For vernalization treatment, seeds were grown on Murashige and 
Skoog (MS) medium and vernalized at 4°C under low light condition for 8 weeks. 
The 9-day-old seedlings grown under long days were harvested for expression 






























Figure 15. j3-1 remains the sensitivity to the change in ambient growth 
temperature. 
j3-1 exhibits a similar response of late flowering at 16°C as wild-type plants, whereas 
loss of function of SVP, which is a key regulator in the thermosensory pathway, 
shows significantly decreased response to the change in ambient growth temperature. 
Error bars denote SD. 
 





















Figure 16. J3 expression determined by quantitative real-time PCR in the 
mutants of the autonomous pathway. Error bars denote SD. 
 

























Figure 17.  AGL24, SOC1, and SVP do not affect J3 expression. 
J3 expression was determined by quantitative real-time PCR in 9-day-old wild-type 
and various mutant seedlings. Gene expression levels were normalized against TUB2 
levels. Error bars denote SD. 
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3.7 Genetic interaction between J3 and other flowering time regulators 
We further analyzed the genetic interaction between J3 and other flowering time 
genes that function downstream of multiple floral pathways (Figure 18). A 
comparison of flowering time between j3-1 and other flowering mutants demonstrated 
that the effect of J3 on flowering in LDs and SDs was comparable to that of SOC1. 
Overexpression of SOC1 or FT significantly suppressed the late-flowering phenotype 
of j3-1 (Figure 18), implying that these two major floral pathway integrators act either 
downstream of or in parallel with J3. j3-1 enhanced late flowering of either ft-10 or 
soc1-2, while ft-10 soc1-2 j3-1 triple mutants exhibited much delayed flowering as 
compared to single or double mutants (Figure 18). These results indicate that besides 
the potential regulatory hierarchies among these genes, J3, SOC1, and FT also control 





































Figure 18. Genetic interaction between J3 and other flowering time regulators.  
The flowering time of various mutants or transgenic plants (Col background) grown 
under long days are shown. Values were scored from at least 15 plants of each 
genotype. Error bars denote SD. 
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3.8 J3 and SVP have similar expression patterns and subcellular localization 
The genetic interaction between J3 and FT or SOC1 and initial identification of a J3 
fragment as an interacting partner of SVP (Figures 4A and 4B) aroused our interest in 
further understanding the interaction between J3 and SVP that is a direct 
transcriptional regulator of FT and SOC1 (Lee et al., 2007; Li et al., 2008). To this 
end, we first compared the expression patterns of J3 and SVP using their GUS 
reporter lines. There was a comparable spatial pattern of GUS staining in developing 
J3:GUS and SVP:GUS (Li et al., 2008) seedlings, although J3:GUS showed much 
stronger GUS signals (Figure 19). Second, we compared the subcellular localization 
of J3 and SVP in tobacco leaves using the fusion constructs 35S:RFP-J3 and 
35S:SVP-GFP. Both RFP-J3 and SVP-GFP localized in the cytoplasm and nucleus, 
which is similar to the pattern observed for 35S:RFP and 35S:GFP (Figures 20A to 
20D). To verify the subcellular localization of J3 and SVP in Arabidopsis cells, we 
further generated a functional j3-1 gJ3-4HA transgenic line (Figure 21), which can 
fully rescue the late-flowering phenotype of j3-1, and the specific anti-SVP antibody 
(Figure 23). Western blot analyses revealed that J3 and SVP were present in both of 
the cytosolic and nuclear fractions of j3-1 gJ3-4HA and 35S:SVP plants, respectively 
(Figures 22 and 24). These results demonstrate overlapping tissue-specific expression 
























































Figure 20. J3 and SVP show similar subcellular localization.  
(A) and (B) Subcellular localization of RFP-J3 in tobacco leaves. RFP localization 
was observed in tobacco leaves infiltrated with 35S:RFP-J3 (A) and 35S:RFP (B) as a 
control. 
(C) and (D) Subcellular localization of SVP-GFP in tobacco leaves. GFP localization 
was observed in tobacco leaves infiltrated with 35S:SVP-GFP (C) and 35S:GFP (D) 































Figure 21. Generation of a functional j3-1 gJ3-4HA transgenic line.  
A selected j3-1 gJ3-4HA line exhibits comparable flowering time as wild-type plants, 
indicating that J3-4HA protein retains the biological function as endogenous J3. Error 
bars denote SD. 

























Figure 22. Cellular localization of J3-4HA in j3-1 gJ3-4HA transgenic plants.  
Western blot analysis using anti-HA antibody (upper panel) reveals the expression of 
J3-4HA fusion protein in both cytosolic and nuclear fractions extracted from 9-day-
old j3-1 gJ3-4HA plants. Western blot analyses using anti-Histone 3 antibody (lower 
panels) show the purity of cytosolic and nuclear fractions. 
 


























Figure 23. Anti-SVP antibody detects specifically SVP.  
(A) Western Blot analysis shows the detection of SVP by anti-SVP antibody in 
nuclear proteins extracted from 9-day-old svp-41, wild-type and 35S:SVP seedlings. 
(B) Western Blot analysis shows that anti-SVP antibody immunoprecipitates 
specifically SVP but not AGL24. AGL24 is the closest MADS-box domain homolog 
of SVP in the Arabidopsis genome. This image was generated using a short exposure 
time, while a long exposure time could reveal a faint band in 35S:AGL24, indicating 
an endogenous SVP expression in 35S:AGL24 as shown in wild-type seedlings (A). 
 


























Figure 24. Cellular localization of SVP in 35S:SVP transgenic plants.  
Western blot analysis using anti-SVP antibody (upper panel) reveals SVP expression 
in both cytosolic and nuclear fractions extracted from 9-day-old 35S:SVP plants. 
Asterisk indicates a non-specific signal. Western blot analyses using anti-Histone 3 
antibody (lower panels) show the purity of cytosolic and nuclear fractions. 
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 3.9 J3 interacts with SVP  
Our yeast two-hybrid assay has shown that SVP interacts with the C-terminal region 
of J3 that contains part of the zinc finger domain and the whole C-terminal domain 
(Figures 4A and 4B). In order to determine which domain is responsible for J3 
interaction with SVP, we cloned the sequences of the zinc finger domain (J3-C1) and 
C-terminal domain (J3-C2), respectively, for further yeast-two hybrid assay (Figure 
25). The result demonstrated that the C-terminal domain of J3 was required for the 
interaction with SVP. On the contrary, none of the individual SVP domains was 
sufficient for SVP interaction with J3 (Figures 26A and 26B). An in vitro glutathione 
S-transferase (GST) pull-down assays further demonstrated that both GST-J3 and 
GST-J3-C2 bound to in vitro-translated full-length myc-SVP, while the affinity 
between GST-J3-C2 and myc-SVP was much stronger (Figure 27). To test the in vivo 
interaction between J3 and SVP, we performed bimolecular fluorescence 
complementation (BiFC) experiments (Ohad et al., 2007), which monitors the protein-
protein interaction through detecting the fluorescence signals emitted by 
reconstitution of an enhanced yellow fluorescent protein from two fragments (N- and 
C-terminal halves) fused to two interacting proteins. This revealed a direct interaction 
between J3 and SVP in the nuclei of living tobacco cells (Figure 28). Furthermore, 
coimmunoprecipitation analysis on nuclear extracts from j3-1 gJ3-4HA confirmed the 
in vivo interaction of J3 and SVP in Arabidopsis (Figure 29). These results support 

























Figure 25. SVP interacts with the C-terminal domain (C2 fragment) of J3 in 
yeast.  
(A) Upper panel shows the schematic diagram of J3 truncated proteins used for yeast-
two hybrid assays.  
(B) Yeast two-hybrid assay of the interaction between SVP and J3-C1 or J3-C2. 
Transformed yeast cells were grown on SD/-Trp/-Leu/-His/-Ade medium (left panel) 



































Figure 26. Yeast two-hybrid assay of the interaction between J3-C2 and SVP 
truncated proteins.  
(A) Schematic diagram shows domain structures of SVP truncated proteins  
(B) Transformed yeast cells were grown on SD/-Trp/-Leu/-His/-Ade medium (upper 
panel) and SD/-Trp/-Leu medium (lower panel).  

























Figure 27. In vitro GST pull-down assay shows the interaction between J3 and 
SVP. 
 In vitro GST pull-down assay with SVP and J3. Myc-tagged SVP protein generated 
by an in vitro translation system was incubated with immobilized GST, GST-J3, and 
GST-J3-C2, respectively. Immunoblot analysis was performed using anti-myc 
antibody. Control, in vitro translation product generated without a cDNA template. 
Input, 5% in vitro translation product. 


























Figure 28. BiFC shows the interaction between J3 and SVP.  
EYFP, fluorescence of enhanced yellow fluorescent protein; DAPI, fluorescence of 
4’,6-diamino-2-phenylindol; Merge, merge of EYFP and DAPI.  
 






















Figure 29. In vivo interaction between J3 and SVP shown by co-
immunoprecipitation.  
Nuclear extracts from 9-day-old wild-type and j3-1 gJ3-4HA plants were incubated 
with preimmune serum (IgG) or anti-SVP antibody. The coimmunoprecipitated 
protein was detected by anti-HA antibody.  
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3.10 J3 functions upstream of SVP 
We next examined the biological significance of the interaction of J3 and SVP 
through genetic analysis. As J3 and SVP had opposite effects on the control of 
flowering time, j3-1 and svp-41 showed completely different flowering phenotypes 
(Figure 30). However, svp-41 j3-1 double mutants exhibited early flowering similar to 
svp-41, demonstrating that SVP is genetically epistatic to J3. This observation, 
together with the results showing in vitro and in vivo protein interaction of J3 and 












































Figure 30. Genetic interaction between J3 and SVP.  





  128 
 3.11 J3 does not interact with FLC 
The integration of flowering signals is regulated by a key repressor complex that 
consists of two MADS-box transcription factors, FLC and SVP (Michaels and 
Amasino, 1999; Hartmann et al., 2000; Li et al., 2008). SVP expression is regulated 
by the flowering signals perceived by the thermosensory, autonomous and GA 
pathways (Lee et al., 2007; Li et al., 2008), while FLC expression is controlled by the 
signals from the vernalization and autonomous pathways (Michaels and Amasino, 
1999; Sheldon et al., 1999). At the vegetative phase, the interaction of these two 
potent repressors suppresses SOC1 expression in whole seedlings and FT expression 
in leaves (Helliwell et al., 2006; Searle et al., 2006; Lee et al., 2007; Li et al., 2008). 
Therefore, we also studied whether J3 also interacts with FLC. Our yeast two-hybrid 
and in vitro GST pull-down assay suggest there is no interaction between J3 and FLC 
(Figure 31). 




























Figure 31. J3 does not interact with FLC.  
(A) A yeast two-hybrid assay shows that FLC does not interact with J3 and J3-C2. 
Transformed yeast cells were grown on SD/-Trp/-Leu/-His/-Ade medium (left panel) 
and SD/-Trp/-Leu medium (right panel). 
(B) A GST pull-down assay shows that FLC does not interact with J3 and J3-C2. 
Myc-tagged FLC protein generated by an in vitro translation system was incubated 
with immobilized GST, GST-J3, or GST-J3-C2, respectively. Immunoblot analysis 
was performed using anti-myc antibody. Control, in vitro translation product 
generated without a cDNA template. Input, 5% in vitro translation product. 
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3.12 J3 regulates the expression of SOC1 and FT 
Since SVP controls flowering through regulating the transcription of SOC1 and FT 
(Lee et al., 2007; Li et al., 2008), we examined whether J3 also affects their gene 
expression. First, we examined temporal expression of SOC1 and FT in developing 
j3-1 and wild-type seedlings. FT and SOC1 expression was consistently reduced in 
developing j3-1 seedlings at the vegetative phase and during the floral transition 
occurring from 9 days after germination (Figures 32 to 34). Similar reduction of FT 
and SOC1 expression was also observed in AmiR-j3 #7 (Figure 35). On the contrary, 
the expression of SVP and FLC, the two potent transcriptional repressors of FT and 
SOC1 (Hepworth et al., 2002; Searle et al., 2006; Lee et al., 2007; Li et al., 2008), 































Figure 32. SOC1 expression is regulated by J3.  
Temporal expression of SOC1 is determined by quantitative real-time PCR in 



































Figure 33. FT expression is regulated by J3.  
Temporal expression of FT is determined by quantitative real-time PCR in developing 








































Figure 34. Diurnal oscillation of FT mRNA abundance in wild-type and j3-1 
seedlings under long days. 
9-day-old wild-type and j3-1 seedlings under long days were harvested at 4-h 
intervals over a 24-h period. Relative gene expression levels of FT were determined 
by real-time RT-PCR and normalized against TUB2 levels. Sampling time was 
expressed in hours as Zeitgeber time (ZT) that is the number of hours after dawn or 
the onset of illumination. Error bars denote SD. 
 

























Figure 35. Expression of SOC1 and FT in AmiR-j3 seedlings. 
Expression of SOC1 and FT in 11-day-old AmiR-j3 #7 seedlings was measured by 
quantitative real-time PCR. Gene expression levels were normalized against TUB2 
levels. Error bars denote SD. 






















Figure 36. J3 does not affect the expression of SVP and FLC. 
(A) and (B) The expression of SVP (A) and FLC (B) determined by quantitative real-
time PCR in 9-day-old wild-type and j3-1 seedlings. Gene expression levels were 
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3.13 Spatial regulation of SOC1 and FT expression by J3  
We further dissected developing seedlings before and during the floral transition (3- 
to 11-day-old) to examine the spatial expression of SOC1 and FT in the leaves 
(cotyledon and rosette leaves) and the aerial part without leaves (the shoot apical 
meristem and young leaf primordia). SOC1 was consistently downregulated by 2- to 
3- fold in the leaves and the aerial part without leaves in j3-1 as compared to wild-
type plants (Figure 37A). FT expression was downregulated by up to 3-fold in j3-1 
leaves, and was barely detectable in the aerial part without leaves in both j3-1 and 
wild-type seedlings (Figure 38A). Furthermore, we examined GUS staining patterns 
of the established SOC1:GUS and FT:GUS transgenic lines (Takada and Goto, 2003; 
Liu et al., 2008) in j3-1 background. In agreement with the quantitative expression 
results (Figures 32 and 33), SOC1:GUS signals were reduced both in the leaves and 
shoot apex of j3-1 compared to wild-type plants (Figures 37B to 37E), while FT:GUS 
signals were also reduced in the vasculature of j3-1 leaves (Figures 38B and 38C). 
These expression analyses, together with the genetic data (Figure 18), support a 
regulatory hierarchy in which J3 controls flowering through FT and SOC1. 
 
We also compared the expression levels of FT and SOC1 in the svp-41 j3-1 double 
mutants with svp-41 mutants (Figure 39). The expression levels of SOC1 and FT in 
svp-41 j3-1 were lower than that in svp-41, implying that regulation of SOC1 and FT 
by J3 is not merely through SVP. 













Figure 37. SOC1 expression is down-regulated in both the leaves and aerial part 
without leaves of j3-1.  
(A) Fold change of SOC1 expression determined by quantitative real-time PCR in 
leaves and the aerial part without leaves in wild-type against that in j3-1 seedlings 
under long days. 9-day-old seedlings were dissected for this expression analysis. Error 
bars denote SD. 
(B) to (E) GUS staining of 9-day-old seedlings of SOC1:GUS ([B] and [D]) and j3-1 
SOC1:GUS ([C] and [E]). (B) and (C) show GUS staining of the aerial part of the 
seedlings, while (D) and (E) show GUS staining in the shoot apex.  
 
 












Figure 38. FT expression is down-regulated in the leaves of j3-1.  
(A) Fold change of FT expression determined by quantitative real-time PCR in leaves 
and the aerial part without leaves in wild-type against that in j3-1 seedlings under long 
days. 9-day-old seedlings were dissected for this expression analysis. Asterisks 
indicate that FT transcript levels are barely detectable in the aerial part without leaves 
using quantitative real-time PCR. Error bars denote SD.  
(B) and (C) GUS staining of the first true leaves of 11-day-old seedlings of pFT:GUS 
(B) and j3-1 pFT:GUS (C). The lower panels show a higher magnification of an area 




























Figure 39. A comparison of SOC1 and FT expression in j3-1, svp-41, and svp-41 
j3-1 seedlings. 
Expression of SOC1 and FT in 9-day-old seedlings with various genetic backgrounds 
was measured by quantitative real-time PCR. Gene expression levels were normalized 
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3.14 Expression of  AP1 and LFY is regulated by J3  
As two floral meristem identity genes, APETALA1 (AP1) and LFY, act downstream of 
SOC1 and FT, J3 could eventually affect the expression of AP1 and LFY during the 
floral transition. Indeed, we detected decreased expression of AP1 and LFY in j3-1 at 
9 to 11 days after germination during which the floral transition starts (Figures 40A 
and 41A). Examination of GUS staining patterns in AP1:GUS and LFY:GUS further 
revealed that AP1 and LFY was specifically downregulated in shoot apices during the 















































Figure 40. The expression of AP1 is regulated by J3. 
(A) Temporal expression of AP1 in developing j3-1 and wild-type seedlings under 
LDs determined by quantitative real-time PCR. 
(B) and (C) AP1:GUS expression in shoot apices of 11-day-old wild-type (B) and j3-1 
(C) seedlings. 
 






























Figure 41. The expression of LFY is regulated by J3. 
(A) Temporal expression of LFY in developing j3-1 and wild-type seedlings under 
LDs determined by quantitative real-time PCR. 
(B) and (C) LFY:GUS expression in shoot apices of 11-day-old wild-type (B) and j3-1 
(C) seedlings. 
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3.15 Induction of J3 expression immediately activates SOC1 and FT  
To understand how J3 regulates SOC1 and FT , we created a j3-1 pER22-J3 
transgenic line in which overexpression of J3 is controlled by an estradiol-inducible 
XVE system (Figure 42A) (Zuo et al., 2000). Application of β-estradiol to j3-1 
pER22-J3 was able to strongly activate J3 expression within a short period. For 
example, in 9-day-old seedlings treated with β-estradiol, J3 expression was 
immediately induced at 1 h after treatment and reached the maximum level at 4 h after 
treatment, which is comparable to the its expression level in wild-type seedlings 
(Figure 42B). High expression levels of J3 induced by β-estradiol could maintain up 
to 24 h after treatment. Moreover, j3-1 pER22-J3 plants grown on MS medium 
supplemented with 10 μM β-estradiol flowered earlier than those subjected to mock 
treatment (Figure 42C), indicating that the induced J3 activity in j3-1 pER22-J3 is 
biologically functional and responsible for promoting flowering. By using this 
established estradiol-inducible system, we tested the expression of SOC1 and FT in 
response to induced J3 expression (Figure 43). SOC1 and FT expression was 
immediately upregulated by J3 within 1 h after β-estradiol treatment. After 4 h of 
treatment, SOC1 and FT expression increased by 2.2- and 1.7–fold, respectively. 
Although the levels of upregulation slightly decreased afterwards, the expression of 
SOC1 and FT remained to be upregulated up to 24 h after treatment. These 
observations suggest that J3 controls flowering time partly through activating the 




























Figure 42. Generation of a functional pER22-J3 inducible transgenic line in j3-1 
background.  
(A) Schematic diagram of the region between the right and left borders of the pER22-
J3 construct. J3 cDNA fragment was inserted after eight copies of the LexA operator 
sequence fused to the -46 35S minimal promoter (OLexA-46). Other components of 
pER22 vector were described previously {Zuo, 2000 #14}{Liu, 2008 #13}.   
(B) Induction of J3 expression determined by semi-quantitative RT-PCR in 9-day-old 
j3-1 pER22-J3 transgenic seedlings mock-treated (M) or treated with 10 μM β-
estradiol (E) for 0, 1, 2, 4, 8, 12, and 24 h. J3 expression induced by β-estradiol was 
compared to that in 9-day-old wild-type and j3-1 seedlings. TUB2 was amplified as a 
control. 
(C) The estradiol-inducible J3 system is biologically functional. The j3-1 pER22-J3 
plants treated daily with β-estradiol show earlier flowering than mock-treated plants.

























Figure 43. Upregulation of SOC1 and FT upon Induction of J3 Expression.  
Fold change of induced SOC1 and FT expression is determined by quantitative real-
time PCR in 9-day-old j3-1 pER22-J3 seedlings treated with 10 μM β-estradiol 
against that in mock-treated seedlings. Relative expression was normalized against 
TUB2 expression. Error bars denote SD.  
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3.16 J3 does not affect SVP protein abundance 
We further studied the molecular mechanism underlying which J3 affects the 
expression of SOC1 and FT. J3 does not possess a DNA-binding domain. In addition, 
ChIP analysis using j3-1 gJ3-4HA revealed that J3 did not directly associate with the 
SOC1 and FT genomic regions (Figure 44). Thus, J3 might control the expression of 
SOC1 and FT through modulating the activity of their upstream transcription factors, 
such as SVP and FLC. Yeast two-hybrid and GST pull-down assays did not reveal 
direct interaction between J3 and FLC (Figure 31), whereas several lines of evidence 
in our study have demonstrated the physical and genetic interaction of J3 and SVP 
(Figures 25 to 29). Therefore, we reasoned that J3 regulates SOC1 and FT partly 
through SVP. 
 
To elucidate how J3 modules SVP activity to control the expression of SOC1 and FT, 
we firstly examined whether the protein abundance of SVP is affected by J3. To this 
end, we compared SVP protein expression in either gSVP-6HA versus j3-1 gSVP-6HA 
or wild-type versus j3-1 (Figure 45). In both cases, SVP expression remained 




























Figure 44. J3 is not associated with the SOC1 and FT genomic regions. 
(A) Schematic diagrams show the SOC1 (upper panel) and FT (lower panel) genomic 
regions. Exons are represented by black boxes, while introns and upstream regions are 
represented by white boxes. Bent arrows denote translation start sites and stop codons. 
Filled arrowheads indicate the sites containing either single mismatch or perfect 
match to the consensus binding sequence (CArG box) of MADS-domain proteins, 
while open arrowheads indicate the CArG sites containing two mismatches. Eleven 
and five DNA fragments near the above CArG sites in the SOC1 and FT genomic 
regions were examined by ChIP enrichment test as shown in (C), respectively.  
(B) Western blot analyses using anti-HA antibody show quantification of J3-4HA in 
nuclear extracts (Input) or immunoprecipitated fractions (Eluate) of 9-day-old j3-1 or 
j3-1 gJ3-4HA seedlings. 
(C) ChIP enrichment test shows no significant binding of J3-4HA to SOC1 and FT 
genomic regions. Enrichment fold was calculated first by normalizing the amount of a 
target DNA fragment against a genomic fragment of ACTIN, and then by normalizing 





























Figure 45. J3 does not affect SVP protein expression. 
(A) Western Blot analysis using anti-HA antibody shows the comparable expression 
of SVP-6HA in total proteins extracted from 9-day-old gSVP-6HA and j3-1 gSVP-
6HA seedlings. 
(B) Western Blot analysis using anti-SVP antibody shows the comparable expression 
of SVP in total proteins extracted from 9-day-old wild-type and j3-1 seedlings. 
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3.17 J3 activity compromises SVP binding to SOC1 and FT regulatory regions 
As SVP suppresses the transcription of SOC1 and FT through directly binding to their 
regulatory regions, we next examined the effect of J3 on SVP binding to SOC1 and 
FT by ChIP assays of two groups of plant materials, gSVP-6HA (Li et al., 2008) 
versus j3-1 gSVP-6HA and wild-type versus j3-1, using anti-HA and anti-SVP 
antibodies, respectively. The abundance of the SVP-6HA protein in nuclear extracts 
(input) of gSVP-6HA and the corresponding immunoprecipitated fractions (eluate) 
used for ChIP assays was comparable to that in j3-1 gSVP-6HA (Figure 46A). ChIP 
asssays showed that SVP-6HA was associated with the genomic regions near the 
number 5 fragment of SOC1 and the number 4 fragment of FT with the highest 
enrichment fold, respectively (Figures 44, 46B and 46C), which is consistent with the 
previous finding (Li et al., 2008). However, SVP binding to these regions was 
enhanced in j3-1 (Figures 46B and 46C), suggesting that loss of J3 activity potentiates 
SVP binding to the regulatory sequences of its downstream genes. Furthermore, ChIP 
analysis of wild-type versus j3-1 using anti-SVP antibody also demonstrated the 
enhanced binding of endogenous SVP to the identical genomic regions identified by 
ChIP analysis of gSVP-6HA in the absence of J3 activity (Figures 44 and 47). These 
results, together with the fact that J3 activity promotes the expression of SOC1 and FT, 
strongly suggest that J3 regulates flowering time through compromising SVP binding 































Figure 46. Loss of J3 activity enhances SVP binding to SOC1 and FT regulatory 
regions revealed by SVP-6HA.    
(A) Measurement of SVP-6HA protein abundance in nuclear extracts or 
immunoprecipitated fractions of 9-day-old gSVP-6HA and j3-1 gSVP-6HA seedlings. 
Nuclear extracts from various plants served as the input (I), while immunoprecipitated 
fractions by anti-HA antibody were used as the eluate (E). Western blot analysis was 
performed using anti-HA antibody. 
(B) and (C) ChIP analysis of SVP-6HA binding to the regulatory regions of SOC1 (B) 
and FT (C) in gSVP-6HA and j3-1 gSVP-6HA . ChIP analysis was performed using 
the input and eluate described in (A). The DNA fragments amplified in ChIP assays 
are illustrated in Figure 44. Significant differences of enrichment fold changes in 
comparison with respective controls are indicated with asterisks (P < 0.05, Student’s t 
test). Error bars denote SD.  




























Figure 47. Loss of J3 activity enhances endogenous SVP protein binding to SOC1 
and FT regulatory regions.    
(A) Measurement of SVP protein abundance in nuclear extracts or 
immunoprecipitated fractions of 9-day-old wild-type and j3-1 seedlings. Nuclear 
extracts from various plants served as the input (I), while immunoprecipitated 
fractions by anti-SVP antibody were used as the eluate (E). Western blot analysis was 
performed using anti-SVP antibody. 
(B) and (C) ChIP analysis of SVP binding to the regulatory regions of SOC1 (B) and 
FT (C) in wild-type and j3-1. ChIP analysis was performed using the input and eluate 
described in (A). Significant differences of enrichment fold changes in comparison 
with respective controls are indicated with asterisks (P < 0.05, Student’s t test). Error 
bars denote SD. 
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3.18 Induced J3 activity compromises SVP binding capacity 
We further examined the capacity of SVP binding in response to induced J3 activity 
using the established functional estradiol-inducible system (j3-1 pER22-J3) (Figures 
42 and 43). To this end, ChIP analyses were performed on 9-day-old j3-1 pER22-J3 
seedlings treated with 10 μM β-estradiol for 4 h, in which J3 expression was induced 
to a similar level as that in wild-type seedlings (Figure 42B). The abundance of 
endogenous SVP in nuclear extracts (input) of j3-1 and j3-1 pER22-J3 mock-treated 
or treated with β-estradiol and in their corresponding immunoprecipitated fractions 
(eluate) used for ChIP assays was almost comparable (Figure 48A), suggesting that 
both estradiol treatment and the resulting change in J3 expression do not affect SVP 
expression in the nucleus. Estradiol treatment of j3-1 did not affect SVP binding to 
the genomic regions near the number 5 fragment of SOC1 and the number 4 fragment 
of FT, respectively (Figures 48B and 48C). However, estradiol treatment of j3-1 
pER22-J3, which induced J3 expression, decreased SVP binding to these regions 
(Figures 48B and 48C). These results demonstrate that induced J3 activity is able to 
































Figure 48. Induced J3 activity rapidly compromise SVP binding capacity 
(A) Measurement of SVP protein abundance in nuclear extracts or 
immunoprecipitated fractions of 9-day-old j3-1 and j3-1 pER22-J3 seedlings mock-
treated or treated with 10 μM β-estradiol for 4 h. Nuclear extracts from various plants 
served as the input (I), while immunoprecipitated fractions by anti-SVP antibody were 
used as the eluate (E). Western blot analysis was performed using anti-SVP antibody. 
(B) and (C) ChIP analysis of SVP binding to the regulatory regions of SOC1 (B) and 
FT (C) upon induced expression of J3 in 9-day-old j3-1 pER22-J3 seedlings. ChIP 
analysis was performed using the input and eluate described in (A). The DNA 
fragments amplified in ChIP assays are illustrated in Figure 44. Significant 
differences of enrichment fold changes in comparison with respective controls are 
indicated with asterisks (P < 0.05, Student’s t test). Error bars denote SD. 
 















4.1 J3 mediates the integration of flowering signals 
The floral transition represents the most dramatic phase change in the life cycle of 
flowering plants and the appropriate timing of the floral transition greatly determines 
the reproductive success of the plants. Intensive studies on flowering in Arabidopsis 
have identified a number of regulators involved in the dynamic process of the floral 
transition in response to various environmental and developmental cues perceived by 
several flowering genetic pathways, such as photoperiod, vernalization, autonomous, 
GA and thermosensory pathways. A group of MADS-box transcription factors, such 
as FLC, SVP, SOC1, and AGL24 (Michaels and Amasino, 1999; Hartmann et al., 
2000; Lee et al., 2000; Yu et al., 2002; Michaels et al., 2003b), act as essential 
regulators at the convergence point of the multiple flowering pathways (Figure 1). 
They integrate flowering signals and further regulate the spatial and temporal 
expression of floral meristem identity genes to determine the transition from 
vegetative shoot apical meristems to inflorescence meristems. Among these MADS-
box regulators, SVP serves as a central flowering repressor that functions together 
with another potent repressor, FLC, in maintaining the duration of the vegetative 
phase by repressing the expression of two major floral pathway integrators, FT and 
SOC1(Hartmann et al., 2000; Lee et al., 2007; Li et al., 2008). Previous studies have 
suggested that various flowering pathways promote flowering through regulating 
either SVP mRNA abundance or its protein abundance. The flowering signals 
perceived by the thermosensory, autonomous, and GA pathways suppress SVP 
expression (Lee et al., 2007; Li et al., 2008). Although the photoperiod pathway does 
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not affect SVP expression, two essential circadian clock components, LATE 
ELONGATED HYPOCOTYL and CIRCADIAN CLOCK ASSOCIATED 1, regulate the 
abundance of SVP protein under continuous light (Fujiwara et al., 2008). In this study, 
we report a hitherto unknown flowering regulator, J3, which promotes flowering 
through attenuating SVP binding to the regulatory sequences of FT and SOC1 rather 
than affecting the abundance of SVP mRNA or protein (Figure 49). J3 encodes a 
Type I DnaJ protein, and is highly expressed during Arabidopsis development 
(Figures 10 and 11). J3 expression is promoted by the photoperiod, vernalization, and 
GA pathways and it promotes flowering partly through upregulating the expression of 
SOC1 and FT. J3 interacts with SVP in the nucleus, and attenuates SVP binding to the 
regulatory sequences of SOC1 and FT, thus affecting their expression (Figure 49). 
 






Figure 49. A proposed model of J3 function in mediating the integration of 
flowering signals during the floral transition.  
J3 expression is promoted by the photoperiod, vernalization, and GA pathways. J3 
promotes flowering partly through upregulating the expression of SOC1 and FT. J3 
interacts with SVP in the nucleus, and attenuates SVP binding to the regulatory 
sequences of SOC1 and FT, thus affecting their expression. Promotive interactions are 
indicated by arrows, while repressive interactions are indicated by T-bars. Asterisks 
indicate the confirmed direct transcriptional regulation. 
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4.2 J3 encodes a Type I J-domain protein 
In Arabidopsis, a large number of J-domain proteins have been identified and are 
predicted to localize in different subcellular compartments and participate in various 
biological processes (Miernyk, 2001; Rajan and D'Silva, 2009). However, as 
molecular chaperones are traditionally considered as important components involved 
in cellular homeostasis under stress conditions, previous studies on plant J-domain 
proteins have been mainly focused on their functions in stress signaling pathways 
(Wang et al., 2004; Ham et al., 2006; Yang et al., 2010). Although there are a few 
studies reporting the involvement of plant J-domain proteins in developmental 
processes (Tamura et al., 2007; Kneissl et al., 2009), the molecular basis for their 
biological functions in plant growth and development is still enigmatic.  
 
Here we have identified J3, which encodes a J-domain protein and contains a J-
domain in its N-terminus, a G/F rich domain, a CXXCXGXG zinc finger domain and 
a C-terminal domain at its C-terminus (Figure 4) (Zhou and Miernyk, 1999). In the 
Arabidopsis genome, there is another Type I J-domain protein, DnaJ homolog 2 (J2), 
which shares over 90% sequence identity with J3 (Figure 50). It will be interesting to 




































Figure 50. J3 shares high protein sequence similarity with J2.  
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4.3 J3 is an essential regulator for the integration of flowering signals  
Several lines of evidence have demonstrated that J3 is an essential regulator that is 
required for the integration of flowering signals. First, the late-flowering phenotype of 
J3 loss-of-function mutants in both LDs and SDs is similar to or even much more 
significant than that exhibited by loss of function of other key flowering promoters, 
such as SOC1 and AGL24 (Figure 18). Second, J3 expression is controlled by 
photoperiod, GA, and vernalization pathways (Figures 13 and 14), indicating that it 
affects flowering in response to both environmental and developmental cues. Third, 
J3 directly interacts with SVP (Figures 25 to 29) and attenuates its in vivo binding to 
the regulatory sequences of SOC1 and FT in developing seedlings (Figures 46 to 48). 
The effect of J3 activity on SVP binding capacity is closely related to SOC1 and FT 
expression in either j3 mutants or j3-1 pER22-J3 where J3 expression is induced 
(Figures 32, 33, 43, 46 to 48). These observations support that J3 acts an important 
regulator that mediates the floral transition through SVP. This is in line with the 
genetic evidence showing that svp-41 greatly suppresses the late-flowering phenotype 
of j3-1 (Figure 30), As SVP functions as a dosage-dependent repressor of flowering 
(Hartmann et al., 2000), modulation of its activity by increased J3 activity in response 
to multiple flowering signals emerges as another important mechanism for promoting 
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4.4 J3 attenuates SVP binding to the regulatory sequences of SOC1 and FT  
Loss-of-function of J3 results in significant delay of flowering in Arabidopsis, which 
is attributed to the decreased expression of FT and SOC1. J3 encodes a Type I J-
domain protein and it does not possess a DNA binding domain. ChIP experiments 
shows that J3 is not associated with the regulatory regions of FT and SOC1 (Figure 
44). Our results have demonstrated that J3 interacts with SVP both in vitro and in vivo. 
The protein abundance of SVP is not affected by J3, but the enrichment of SVP to FT 
and SOC1 genomic regions is greatly enhanced while J3 is loss-of function (Figures 
45 and 46), suggesting that loss of J3 activity enhances SVP binding to its 
downstream targets. Moreover, using the established-inducible system (j3-1 pER22-J3) 
(Figures 42 and 43), we find that induced J3 activity is able to rapidly compromise 
SVP binding to SOC1 and FT regulatory regions (Figure 47). These results are in line 
with the observation that j3 mutants exhibited opposite flowering time to svp mutants, 
while svp mutants could almost completely suppress the late-flowering phenotype of 
j3 mutants (Figure 30). These results strongly support the notion that J3 functions 
upstream of SVP and regulates flowering largely depending on its regulation of SVP. 
 
Several J-domain proteins have been reported to regulate transcription activity in 
other species. In tobacco, Tsip1, which encodes a DnaJ-type Zn finger protein, acts to 
potentiate Tsi1-meidated transcriptional activation by directly interacts with the 
transcription factor Tsi1 (Ham et al., 2006). The human DnaJ protein, hTid-1, can 
enhance the binding of a multimer of the herpes simplex virus type 1 UL9 protein to 
oris, which is an origin of viral DNA replication (Eom and Lehman, 2002).  
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In the Arabidopsis genome, there are a large number of J-domain proteins and their 
functions are poorly understood (Miernyk, 2001; Rajan and D'Silva, 2009), it will be 
interesting to examine whether it will be a common mechanism that J-domain protein 
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4.5 J3 might also promotes flowering through SVP-independent pathways 
Although our data support that J3 promotes flowering largely through its interaction 
with SVP and regulation of SOC1 and FT, there is evidence indicating that J3-
mediated flowering process involves other unknown regulators. The expression of 
SOC1 and FT in svp-41 j3-1 was different from that in svp-41 (Figure 39), implying 
that regulation of SOC1 and FT by J3 is not merely through SVP. Furthermore, J3 
should promote flowering ultimately through other pathways independently of SOC1 
and FT. This is supported by two pieces of evidence. First, ft-10 soc1-2 j3-1 flowers 
much later than any single or double mutants (Figure 18), suggesting that other 
regulator(s) contribute to J3-mediated flowering in parallel with SOC1 and FT. 
Second, while the genetic result shows that svp-41 greatly suppresses j3-1 (Figure 30), 
the upregulation of SOC1 and FT in svp-41 j3-1 was less than that in svp-41 (Figure 
39), implying that the interaction between J3 and SVP also controls other downstream 
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4.6 The mechanism of J3 function may constitute a conserved mechanism for J-
domain proteins  
DnaJ proteins play important roles in protein translation, folding or unfolding, 
translocation and degradation. A large number of J-domain proteins, which are 
traditionally considered as molecular chaperones of Hsp70, have been identified in 
both prokaryotes and eukaryotes (Craig et al., 2006).The Arabidopsis genome 
contains 120 J-domain proteins, and their functions are mostly uncharacterized 
(Miernyk, 2001; Rajan and D'Silva, 2009).While many studies have proposed J-
domain proteins as part of chaperone machineries involved in maintaining the protein 
homeostasis under environmental stress conditions, our results have shed light on a 
hitherto unknown identity of J-domain proteins as transcriptional regulators that play 
an indispensable role in mediating plant development. Interestingly, MADS-domain 
proteins including SVP are also a group of conserved transcription factors that 
determine developmental processes and signal transduction in eukaryotes (Riechmann 
and Meyerowitz, 1997; Theissen, 2000; Ng and Yanofsky, 2001). Therefore, the 
interaction between J3 and SVP may represent an emerging molecular relationship 
between their respective families of conserved regulators, which links fundamental 
cellular homeostasis in response to environmental stimuli and developmental control 
in eukaryotes.  
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Conclusion 
 
The floral transition in Arabidopsis is tightly controlled by a complex network of 
flowering genetic pathways, including the photoperiod, vernalization, GA, 
autonomous and thermosensory pathways, which response to various developmental 
signals and environmental cues (Mouradov et al., 2002; Simpson and Dean, 2002; 
Boss et al., 2004). The multiple genetic pathways ultimately converge on the 
transcriptional regulation of several floral pathway integrators, including FT, SOC1 
and LFY, which will then activate the expression of the floral meristem identity genes 
to initiate flowering (Weigel et al., 1992; Bowman, 1993; Mandel and Yanofsky, 
1995; Simpson and Dean, 2002; Liu et al., 2009a). 
 
SVP is a potent flowering repressor in Arabidopsis (Hartmann et al., 2000; Lee et al., 
2007; Li et al., 2008). SVP perceives the flowering signals from GA and autonomous 
pathways and controls flowering by negatively regulating SOC1 expression in both 
the leaves and shoot apex and FT expression in the leaf through direct binding to their 
regulatory regions (Lee et al., 2007; Li et al., 2008). SVP consistently forms a protein 
complex with FLC, another potent repressor of flowering, in vegetative seedling (Li et 
al., 2008). This repressor complex mediates flowering signals from various genetic 
pathways, and governs the integration of flowering signals though direct repression of 
FT and SOC1. Although considerable efforts have so far been made to elucidate the 
flowering regulatory hierarchy involving FLC and SVP, the underlying mechanism 
mediating their role in transcriptional regulation of target genes is largely unknown.   
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In our study, to further elucidate the regulatory network which SVP is involved in 
during floral transition, we have carried out yeast two-hybrid screening to identify 
SVP-interacting partners. We have identified J3, which encodes a J-domain protein. 
We further studied the role of J3 during floral transition and have found that loss of 
function of J3 exhibits a significant late-flowering phenotype, which is partly due to a 
decreased expression of SOC1 and FT. Further analyses have shown that J3 directly 
interacts with SVP in the nucleus and prevents SVP binding to SOC1 and FT 
regulatory sequences. Taken together, our results suggest a hitherto unknown 
flowering mechanism, in which J3 integrates flowering signals from several genetic 
pathways and acts as a transcriptional regulator that upregulates SOC1 and FT 
through directly attenuating SVP binding to their regulatory sequences during the 
floral transition. 
 
In Arabidopsis, there are a large number of J-domain proteins identified (Miernyk, 
2001; Rajan and D'Silva, 2009). DnaJ proteins play important roles in protein 
translation, folding or unfolding, translocation and degradation.  In Arabidopsis, J-
domain proteins are predicated to distribute to different subcellular compartments and 
involved in various biological processes. However, the precise function of J-domain 
proteins during Arabidopsis development is still poorly understood. Our results have 
shed light on a hitherto unknown identity of J-domain proteins as transcriptional 
regulators that play an indispensable role in mediating plant development. 
Interestingly, MADS-domain proteins including SVP are also a group of conserved 
transcription factors that determine developmental processes and signal transduction 
in eukaryotes. Therefore, the interaction between J3 and SVP may represent an 
emerging molecular relationship between their respective families of conserved 
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regulators, which links fundamental cellular homeostasis in response to environmental 




  168 
References 
 
Abe, M., Kobayashi, Y., Yamamoto, S., Daimon, Y., Yamaguchi, A., Ikeda, Y., 
Ichinoki, H., Notaguchi, M., Goto, K., and Araki, T. (2005). FD, a bZIP protein 
mediating signals from the floral pathway integrator FT at the shoot apex. Science 
309, 1052-1056. 
Albrecht, V., Ingenfeld, A., and Apel, K. (2008). Snowy cotyledon 2: the 
identification of a zinc finger domain protein essential for chloroplast development in 
cotyledons but not in true leaves. Plant Mol Biol 66, 599-608. 
Alexandre, C.M., and Hennig, L. (2008). FLC or not FLC: the other side of 
vernalization. J Exp Bot 59, 1127-1135. 
Alvarez-Buylla, E.R., Pelaz, S., Liljegren, S.J., Gold, S.E., Burgeff, C., Ditta, G.S., 
Ribas de Pouplana, L., Martinez-Castilla, L., and Yanofsky, M.F. (2000). An 
ancestral MADS-box gene duplication occurred before the divergence of plants and 
animals. Proc. Natl. Acad. Sci. USA 97, 5328-5333. 
Amasino, R. (2004). Vernalization, competence, and the epigenetic memory of 
winter. Plant Cell 16, 2553-2559. 
Ausin, I., Alonso-Blanco, C., Jarillo, J.A., Ruiz-Garcia, L., and Martinez-Zapater, 
J.M. (2004). Regulation of flowering time by FVE, a retinoblastoma-associated 
protein. Nat Genet 36, 162-166. 
Balasubramanian, S., Sureshkumar, S., Lempe, J., and Weigel, D. (2006). Potent 
induction of Arabidopsis thaliana flowering by elevated growth temperature. PLoS 
Genet 2, e106. 
Becker, A., and Theissen, G. (2003). The major clades of MADS-box genes and 
their role in the development and evolution of flowering plants. Mol Phylogenet Evol 
29, 464-489. 
Bemer, M., Wolters-Arts, M., Grossniklaus, U., and Angenent, G.C. (2008). The 
MADS domain protein DIANA acts together with AGAMOUS-LIKE80 to specify the 
central cell in Arabidopsis ovules. Plant Cell 20, 2088-2101. 
Benjamin, I.J., and McMillan, D.R. (1998). Stress (heat shock) proteins: molecular 
chaperones in cardiovascular biology and disease. Circ Res 83, 117-132. 
Blazquez, M.A., Ahn, J.H., and Weigel, D. (2003). A thermosensory pathway 
controlling flowering time in Arabidopsis thaliana. Nat Genet 33, 168-171. 
  169 
Boonsirichai, K., Sedbrook, J.C., Chen, R., Gilroy, S., and Masson, P.H. (2003). 
ALTERED RESPONSE TO GRAVITY is a peripheral membrane protein that 
modulates gravity-induced cytoplasmic alkalinization and lateral auxin transport in 
plant statocytes. Plant Cell 15, 2612-2625. 
Borner, R., Kampmann, G., Chandler, J., Gleissner, R., Wisman, E., Apel, K., 
and Melzer, S. (2000). A MADS domain gene involved in the transition to flowering 
in Arabidopsis. Plant J 24, 591-599. 
Boss, P.K., Bastow, R.M., Mylne, J.S., and Dean, C. (2004). Multiple pathways in 
the decision to flower: enabling, promoting, and resetting. Plant Cell 16 Suppl, S18-
31. 
Bowman, J.L., Alvarez, J.,  Weigel, D.,  Meyerowitz, E. and Smyth, D. R. (1993). 
Control of flower development in Arabidopsis thaliana by APETALA1 and 
interacting genes. Development 119, 721-743. 
Bukau, B., and Horwich, A.L. (1998). The Hsp70 and Hsp60 chaperone machines. 
Cell 92, 351-366. 
Burgeff, C., Liljegren, S.J., Tapia-Lopez, R., Yanofsky, M.F., and Alvarez-Buylla, 
E.R. (2002). MADS-box gene expression in lateral primordia, meristems and 
differentiated tissues of Arabidopsis thaliana roots. Planta 214, 365-372. 
Caplan, A.J., Cyr, D.M., and Douglas, M.G. (1993). Eukaryotic homologues of 
Escherichia coli dnaJ: a diverse protein family that functions with hsp70 stress 
proteins. Mol Biol Cell 4, 555-563. 
Cerdan, P.D., and Chory, J. (2003). Regulation of flowering time by light quality. 
Nature 423, 881-885. 
Christensen, C.A., Gorsich, S.W., Brown, R.H., Jones, L.G., Brown, J., Shaw, 
J.M., and Drews, G.N. (2002). Mitochondrial GFA2 is required for synergid cell 
death in Arabidopsis. Plant Cell 14, 2215-2232. 
Clough, S.J., and Bent, A.F. (1998). Floral dip: a simplified method for 
Agrobacterium-mediated transformation of Arabidopsis thaliana. Plant J 16, 735-743. 
Coen, E.S., and Meyerowitz, E.M. (1991). The war of the whorls: genetic 
interactions controlling flower development. Nature 353, 31-37. 
Colombo, M., Masiero, S., Vanzulli, S., Lardelli, P., Kater, M.M., and Colombo, 
L. (2008). AGL23, a type I MADS-box gene that controls female gametophyte and 
embryo development in Arabidopsis. Plant J 54, 1037-1048. 
  170 
Corbesier, L., Vincent, C., Jang, S., Fornara, F., Fan, Q., Searle, I., Giakountis, 
A., Farrona, S., Gissot, L., Turnbull, C., and Coupland, G. (2007). FT protein 
movement contributes to long-distance signaling in floral induction of Arabidopsis. 
Science 316, 1030-1033. 
Craig, E.A., Huang, P., Aron, R., and Andrew, A. (2006). The diverse roles of J-
proteins, the obligate Hsp70 co-chaperone. Rev Physiol Biochem Pharmacol 156, 1-
21. 
Cyr, D.M., Langer, T., and Douglas, M.G. (1994). DnaJ-like proteins: molecular 
chaperones and specific regulators of Hsp70. Trends Biochem Sci 19, 176-181. 
De Bodt, S., Raes, J., Florquin, K., Rombauts, S., Rouze, P., Theissen, G., and 
Van de Peer, Y. (2003). Genomewide structural annotation and evolutionary analysis 
of the type I MADS-box genes in plants. J Mol Evol 56, 573-586. 
de Crouy-Chanel, A., Kohiyama, M., and Richarme, G. (1995). A novel function 
of Escherichia coli chaperone DnaJ. Protein-disulfide isomerase. J Biol Chem 270, 
22669-22672. 
de Folter, S., Immink, R.G., Kieffer, M., Parenicova, L., Henz, S.R., Weigel, D., 
Busscher, M., Kooiker, M., Colombo, L., Kater, M.M., Davies, B., and Angenent, 
G.C. (2005). Comprehensive interaction map of the Arabidopsis MADS Box 
transcription factors. Plant Cell 17, 1424-1433. 
De Maio, A. (1999). Heat shock proteins: facts, thoughts, and dreams. Shock 11, 1-12. 
Ditta, G., Pinyopich, A., Robles, P., Pelaz, S., and Yanofsky, M.F. (2004). The 
SEP4 gene of Arabidopsis thaliana functions in floral organ and meristem identity. 
Curr Biol 14, 1935-1940. 
Eom, C.Y., and Lehman, I.R. (2002). The human DnaJ protein, hTid-1, enhances 
binding of a multimer of the herpes simplex virus type 1 UL9 protein to oris, an origin 
of viral DNA replication. Proc. Natl. Acad. Sci. USA 99, 1894-1898. 
Fan, H.Y., Hu, Y., Tudor, M., and Ma, H. (1997). Specific interactions between the 
K domains of AG and AGLs, members of the MADS domain family of DNA binding 
proteins. Plant J 12, 999-1010. 
Ferrandiz, C., Gu, Q., Martienssen, R., and Yanofsky, M.F. (2000). Redundant 
regulation of meristem identity and plant architecture by FRUITFULL, APETALA1 
and CAULIFLOWER. Development 127, 725-734. 
Ferrario, S., Immink, R.G., and Angenent, G.C. (2004). Conservation and diversity 
in flower land. Curr Opin Plant Biol 7, 84-91. 
  171 
Fuglsang, A.T., Guo, Y., Cuin, T.A., Qiu, Q., Song, C., Kristiansen, K.A., Bych, 
K., Schulz, A., Shabala, S., Schumaker, K.S., Palmgren, M.G., and Zhu, J.K. 
(2007). Arabidopsis protein kinase PKS5 inhibits the plasma membrane H+ -ATPase 
by preventing interaction with 14-3-3 protein. Plant Cell 19, 1617-1634. 
Fujiwara, S., Oda, A., Yoshida, R., Niinuma, K., Miyata, K., Tomozoe, Y., 
Tajima, T., Nakagawa, M., Hayashi, K., Coupland, G., and Mizoguchi, T. (2008). 
Circadian clock proteins LHY and CCA1 regulate SVP protein accumulation to 
control flowering in Arabidopsis. Plant Cell 20, 2960-2971. 
Gazzani, S., Gendall, A.R., Lister, C., and Dean, C. (2003). Analysis of the 
molecular basis of flowering time variation in Arabidopsis accessions. Plant Physiol 
132, 1107-1114. 
Georgopoulos, C. (1992). The emergence of the chaperone machines. Trends 
Biochem Sci 17, 295-299. 
Georgopoulos, C.P., Lundquist-Heil, A., Yochem, J., and Feiss, M. (1980). 
Identification of the E. coli dnaJ gene product. Mol Gen Genet 178, 583-588. 
Goffin, L., and Georgopoulos, C. (1998). Genetic and biochemical characterization 
of mutations affecting the carboxy-terminal domain of the Escherichia coli molecular 
chaperone DnaJ. Mol Microbiol 30, 329-340. 
Goto, K., and Meyerowitz, E.M. (1994). Function and regulation of the Arabidopsis 
floral homeotic gene PISTILLATA. Genes Dev 8, 1548-1560. 
Gregis, V., Sessa, A., Colombo, L., and Kater, M.M. (2006). AGL24, SHORT 
VEGETATIVE PHASE, and APETALA1 redundantly control AGAMOUS during 
early stages of flower development in Arabidopsis. Plant Cell 18, 1373-1382. 
Gregis, V., Sessa, A., Colombo, L., and Kater, M.M. (2008). AGAMOUS-LIKE24 
and SHORT VEGETATIVE PHASE determine floral meristem identity in 
Arabidopsis. Plant J 56, 891-902. 
Gu, Q., Ferrandiz, C., Yanofsky, M.F., and Martienssen, R. (1998). The 
FRUITFULL MADS-box gene mediates cell differentiation during Arabidopsis fruit 
development. Development 125, 1509-1517. 
Gu, X., Jiang, D., Wang, Y., Bachmair, A., and He, Y. (2009). Repression of the 
floral transition via histone H2B monoubiquitination. Plant J 57, 522-533. 
Guan, C., Rosen, E.S., Boonsirichai, K., Poff, K.L., and Masson, P.H. (2003). The 
ARG1-LIKE2 gene of Arabidopsis functions in a gravity signal transduction pathway 
that is genetically distinct from the PGM pathway. Plant Physiol 133, 100-112. 
  172 
Halliday, K.J., Salter, M.G., Thingnaes, E., and Whitelam, G.C. (2003). 
Phytochrome control of flowering is temperature sensitive and correlates with 
expression of the floral integrator FT. Plant J 33, 875-885. 
Ham, B.K., Park, J.M., Lee, S.B., Kim, M.J., Lee, I.J., Kim, K.J., Kwon, C.S., 
and Paek, K.H. (2006). Tobacco Tsip1, a DnaJ-type Zn finger protein, is recruited to 
and potentiates Tsi1-mediated transcriptional activation. Plant cell 18, 2005-2020. 
Han, P., Garcia-Ponce, B., Fonseca-Salazar, G., Alvarez-Buylla, E.R., and Yu, H. 
(2008). AGAMOUS-LIKE 17, a novel flowering promoter, acts in a FT-independent 
photoperiod pathway. Plant J 55, 253-265. 
Harrison, B.R., and Masson, P.H. (2008). ARL2, ARG1 and PIN3 define a gravity 
signal transduction pathway in root statocytes. Plant J 53, 380-392. 
Hartmann, U., Hohmann, S., Nettesheim, K., Wisman, E., Saedler, H., and 
Huijser, P. (2000). Molecular cloning of SVP: a negative regulator of the floral 
transition in Arabidopsis. Plant J 21, 351-360. 
Hayes, T.E., Sengupta, P., and Cochran, B.H. (1988). The human c-fos serum 
response factor and the yeast factors GRM/PRTF have related DNA-binding 
specificities. Genes Dev 2, 1713-1722. 
He, Y. (2009). Control of the transition to flowering by chromatin modifications. Mol 
Plant 2, 554-564. 
He, Y., and Amasino, R.M. (2005). Role of chromatin modification in flowering-
time control. Trends Plant Sci 10, 30-35. 
He, Y., Michaels, S.D., and Amasino, R.M. (2003). Regulation of flowering time by 
histone acetylation in Arabidopsis. Science 302, 1751-1754. 
He, Y., Tang, R.H., Hao, Y., Stevens, R.D., Cook, C.W., Ahn, S.M., Jing, L., 
Yang, Z., Chen, L., Guo, F., Fiorani, F., Jackson, R.B., Crawford, N.M., and Pei, 
Z.M. (2004). Nitric oxide represses the Arabidopsis floral transition. Science 305, 
1968-1971. 
Helliwell, C.A., Wood, C.C., Robertson, M., James Peacock, W., and Dennis, E.S. 
(2006). The Arabidopsis FLC protein interacts directly in vivo with SOC1 and FT 
chromatin and is part of a high-molecular-weight protein complex. Plant J 46, 183-
192. 
Hepworth, S.R., Valverde, F., Ravenscroft, D., Mouradov, A., and Coupland, G. 
(2002). Antagonistic regulation of flowering-time gene SOC1 by CONSTANS and 
FLC via separate promoter motifs. Embo J 21, 4327-4337. 
  173 
Hill, K., Wang, H., and Perry, S.E. (2008). A transcriptional repression motif in the 
MADS factor AGL15 is involved in recruitment of histone deacetylase complex 
components. Plant J 53, 172-185. 
Honma, T., and Goto, K. (2001). Complexes of MADS-box proteins are sufficient to 
convert leaves into floral organs. Nature 409, 525-529. 
Huala, E., Oeller, P.W., Liscum, E., Han, I.S., Larsen, E., and Briggs, W.R. 
(1997). Arabidopsis NPH1: a protein kinase with a putative redox-sensing domain. 
Science 278, 2120-2123. 
Inoue, H., Nojima, H., and Okayama, H. (1990). High efficiency transformation of 
Escherichia coli with plasmids. Gene 96, 23-28. 
Jack, T., Brockman, L.L., and Meyerowitz, E.M. (1992). The homeotic gene 
APETALA3 of Arabidopsis thaliana encodes a MADS box and is expressed in petals 
and stamens. Cell 68, 683-697. 
Jiang, D., Wang, Y., Wang, Y., and He, Y. (2008). Repression of FLOWERING 
LOCUS C and FLOWERING LOCUS T by the Arabidopsis Polycomb repressive 
complex 2 components. PLoS One 3, e3404. 
Johanson, U., West, J., Lister, C., Michaels, S., Amasino, R., and Dean, C. (2000). 
Molecular analysis of FRIGIDA, a major determinant of natural variation in 
Arabidopsis flowering time. Science 290, 344-347. 
Kagawa, T., and Wada, M. (2000). Blue light-induced chloroplast relocation in 
Arabidopsis thaliana as analyzed by microbeam irradiation. Plant Cell Physiol 41, 84-
93. 
Kang, I.H., Steffen, J.G., Portereiko, M.F., Lloyd, A., and Drews, G.N. (2008). 
The AGL62 MADS domain protein regulates cellularization during endosperm 
development in Arabidopsis. Plant Cell 20, 635-647. 
Kardailsky, I., Shukla, V.K., Ahn, J.H., Dagenais, N., Christensen, S.K., Nguyen, 
J.T., Chory, J., Harrison, M.J., and Weigel, D. (1999). Activation tagging of the 
floral inducer FT. Science 286, 1962-1965. 
Kasahara, M., Kagawa, T., Oikawa, K., Suetsugu, N., Miyao, M., and Wada, M. 
(2002). Chloroplast avoidance movement reduces photodamage in plants. Nature 420, 
829-832. 
Kempin, S.A., Savidge, B., and Yanofsky, M.F. (1995). Molecular basis of the 
cauliflower phenotype in Arabidopsis. Science 267, 522-525. 
  174 
Kneissl, J., Wachtler, V., Chua, N.H., and Bolle, C. (2009). OWL1: an Arabidopsis 
J-domain protein involved in perception of very low light fluences. Plant cell 21, 
3212-3225. 
Kobayashi, Y., Kaya, H., Goto, K., Iwabuchi, M., and Araki, T. (1999). A pair of 
related genes with antagonistic roles in mediating flowering signals. Science 286, 
1960-1962. 
Kohler, C., Hennig, L., Spillane, C., Pien, S., Gruissem, W., and Grossniklaus, U. 
(2003). The Polycomb-group protein MEDEA regulates seed development by 
controlling expression of the MADS-box gene PHERES1. Genes Dev 17, 1540-1553. 
Koornneef, M., Hanhart, C.J., and van der Veen, J.H. (1991). A genetic and 
physiological analysis of late flowering mutants in Arabidopsis thaliana. Mol Gen 
Genet 229, 57-66. 
Korves, T.M., and Bergelson, J. (2003). A developmental response to pathogen 
infection in Arabidopsis. Plant Physiol 133, 339-347. 
Kotake, T., Takada, S., Nakahigashi, K., Ohto, M., and Goto, K. (2003). 
Arabidopsis TERMINAL FLOWER 2 gene encodes a heterochromatin protein 1 
homolog and represses both FLOWERING LOCUS T to regulate flowering time and 
several floral homeotic genes. Plant Cell Physiol 44, 555-564. 
Larsson, A.S., Landberg, K., and Meeks-Wagner, D.R. (1998). The TERMINAL 
FLOWER2 (TFL2) gene controls the reproductive transition and meristem identity in 
Arabidopsis thaliana. Genetics 149, 597-605. 
Laufen, T., Mayer, M.P., Beisel, C., Klostermeier, D., Mogk, A., Reinstein, J., 
and Bukau, B. (1999). Mechanism of regulation of hsp70 chaperones by DnaJ 
cochaperones. Proc. Natl. Acad. Sci. USA 96, 5452-5457. 
Lee, H., Suh, S.S., Park, E., Cho, E., Ahn, J.H., Kim, S.G., Lee, J.S., Kwon, Y.M., 
and Lee, I. (2000). The AGAMOUS-LIKE 20 MADS domain protein integrates 
floral inductive pathways in Arabidopsis. Genes Dev 14, 2366-2376. 
Lee, I., Aukerman, M.J., Gore, S.L., Lohman, K.N., Michaels, S.D., Weaver, 
L.M., John, M.C., Feldmann, K.A., and Amasino, R.M. (1994). Isolation of 
LUMINIDEPENDENS: a gene involved in the control of flowering time in 
Arabidopsis. Plant Cell 6, 75-83. 
Lee, J., Oh, M., Park, H., and Lee, I. (2008). SOC1 translocated to the nucleus by 
interaction with AGL24 directly regulates leafy. Plant J 55, 832-843. 
  175 
Lee, J.H., Yoo, S.J., Park, S.H., Hwang, I., Lee, J.S., and Ahn, J.H. (2007). Role 
of SVP in the control of flowering time by ambient temperature in Arabidopsis. Genes 
Dev 21, 397-402. 
Li, D., Liu, C., Shen, L., Wu, Y., Chen, H., Robertson, M., Helliwell, C.A., Ito, T., 
Meyerowitz, E., and Yu, H. (2008). A repressor complex governs the integration of 
flowering signals in Arabidopsis. Dev Cell 15, 110-120. 
Li, G.L., Li, B., Liu, H.T., and Zhou, R.G. (2005). The responses of AtJ2 and AtJ3 
gene expression to environmental stresses in Arabidopsis. Zhi Wu Sheng Li Yu Fen 
Zi Sheng Wu Xue Xue Bao 31, 47-52. 
Li, G.L., Chang, H., Li, B., Zhou, W., Sun, D.Y. and Zhou R.G. (2007). The roles 
of atDjA2 and atDjA3 molecular chaperone proteins in improving thermotolerance of 
Arabidopsis thaliana seedlings Plant Science 173, 408-416. 
Li, J., Qian, X., and Sha, B. (2003). The crystal structure of the yeast Hsp40 Ydj1 
complexed with its peptide substrate. Structure 11, 1475-1483. 
Li, Z., and Srivastava, P. (2004). Heat-shock proteins. Curr Protoc Immunol 
Appendix 1, Appendix 1T. 
Li, Z., Menoret, A., and Srivastava, P. (2002). Roles of heat-shock proteins in 
antigen presentation and cross-presentation. Curr Opin Immunol 14, 45-51. 
Liberek, K., Marszalek, J., Ang, D., Georgopoulos, C., and Zylicz, M. (1991). 
Escherichia coli DnaJ and GrpE heat shock proteins jointly stimulate ATPase activity 
of DnaK. Proc. Natl. Acad. Sci. USA 88, 2874-2878. 
Liljegren, S.J., Ditta, G.S., Eshed, Y., Savidge, B., Bowman, J.L., and Yanofsky, 
M.F. (2000). SHATTERPROOF MADS-box genes control seed dispersal in 
Arabidopsis. Nature 404, 766-770. 
Lim, M.H., Kim, J., Kim, Y.S., Chung, K.S., Seo, Y.H., Lee, I., Kim, J., Hong, 
C.B., Kim, H.J., and Park, C.M. (2004). A new Arabidopsis gene, FLK, encodes an 
RNA binding protein with K homology motifs and regulates flowering time via 
FLOWERING LOCUS C. Plant Cell 16, 731-740. 
Lindquist, S. (1986). The heat-shock response. Annu Rev Biochem 55, 1151-1191. 
Liu, C., Thong, Z., and Yu, H. (2009a). Coming into bloom: the specification of 
floral meristems. Development 136, 3379-3391. 
Liu, C., Xi, W., Shen, L., Tan, C., and Yu, H. (2009b). Regulation of floral 
patterning by flowering time genes. Dev Cell 16, 711-722. 
  176 
Liu, C., Zhou, J., Bracha-Drori, K., Yalovsky, S., Ito, T., and Yu, H. (2007). 
Specification of Arabidopsis floral meristem identity by repression of flowering time 
genes. Development 134, 1901-1910. 
Liu, C., Chen, H., Er, H.L., Soo, H.M., Kumar, P.P., Han, J.H., Liou, Y.C., and 
Yu, H. (2008). Direct interaction of AGL24 and SOC1 integrates flowering signals in 
Arabidopsis. Development 135, 1481-1491. 
Lu, Z., and Cyr, D.M. (1998). The conserved carboxyl terminus and zinc finger-like 
domain of the co-chaperone Ydj1 assist Hsp70 in protein folding. J Biol Chem 273, 
5970-5978. 
Macknight, R., Bancroft, I., Page, T., Lister, C., Schmidt, R., Love, K., Westphal, 
L., Murphy, G., Sherson, S., Cobbett, C., and Dean, C. (1997). FCA, a gene 
controlling flowering time in Arabidopsis, encodes a protein containing RNA-binding 
domains. Cell 89, 737-745. 
Mandel, M.A., and Yanofsky, M.F. (1995). A gene triggering flower formation in 
Arabidopsis. Nature 377, 522-524. 
Mandel, M.A., Gustafson-Brown, C., Savidge, B., and Yanofsky, M.F. (1992). 
Molecular characterization of the Arabidopsis floral homeotic gene APETALA1. 
Nature 360, 273-277. 
Marrison, J.L., Rutherford, S.M., Robertson, E.J., Lister, C., Dean, C., and 
Leech, R.M. (1999). The distinctive roles of five different ARC genes in the 
chloroplast division process in Arabidopsis. Plant J 18, 651-662. 
Martinez-Yamout, M., Legge, G.B., Zhang, O., Wright, P.E., and Dyson, H.J. 
(2000). Solution structure of the cysteine-rich domain of the Escherichia coli 
chaperone protein DnaJ. J Mol Biol 300, 805-818. 
Martinez, C., Pons, E., Prats, G., and Leon, J. (2004). Salicylic acid regulates 
flowering time and links defence responses and reproductive development. Plant J 37, 
209-217. 
Melzer, S., Lens, F., Gennen, J., Vanneste, S., Rohde, A., and Beeckman, T. 
(2008). Flowering-time genes modulate meristem determinacy and growth form in 
Arabidopsis thaliana. Nat Genet 40, 1489-1492. 
Michaels, S.D., and Amasino, R.M. (1999). FLOWERING LOCUS C encodes a 
novel MADS domain protein that acts as a repressor of flowering. Plant Cell 11, 949-
956. 
  177 
Michaels, S.D., and Amasino, R.M. (2001). Loss of FLOWERING LOCUS C 
activity eliminates the late-flowering phenotype of FRIGIDA and autonomous 
pathway mutations but not responsiveness to vernalization. Plant Cell 13, 935-941. 
Michaels, S.D., He, Y., Scortecci, K.C., and Amasino, R.M. (2003a). Attenuation 
of FLOWERING LOCUS C activity as a mechanism for the evolution of summer-
annual flowering behavior in Arabidopsis. Proc. Natl. Acad. Sci. USA 100, 10102-
10107. 
Michaels, S.D., Ditta, G., Gustafson-Brown, C., Pelaz, S., Yanofsky, M., and 
Amasino, R.M. (2003b). AGL24 acts as a promoter of flowering in Arabidopsis and 
is positively regulated by vernalization. Plant J 33, 867-874. 
Miernyk, J.A. (2001). The J-domain proteins of Arabidopsis thaliana: an 
unexpectedly large and diverse family of chaperones. Cell stress & chaperones 6, 209-
218. 
Mizukami, Y., and Ma, H. (1995). Separation of AG function in floral meristem 
determinacy from that in reproductive organ identity by expressing antisense AG 
RNA. Plant Mol Biol 28, 767-784. 
Mockler, T.C., Yu, X., Shalitin, D., Parikh, D., Michael, T.P., Liou, J., Huang, J., 
Smith, Z., Alonso, J.M., Ecker, J.R., Chory, J., and Lin, C. (2004). Regulation of 
flowering time in Arabidopsis by K homology domain proteins. Proc. Natl. Acad. Sci. 
USA 101, 12759-12764. 
Moon, J., Lee, H., Kim, M., and Lee, I. (2005). Analysis of flowering pathway 
integrators in Arabidopsis. Plant Cell Physiol 46, 292-299. 
Moon, J., Suh, S.S., Lee, H., Choi, K.R., Hong, C.B., Paek, N.C., Kim, S.G., and 
Lee, I. (2003). The SOC1 MADS-box gene integrates vernalization and gibberellin 
signals for flowering in Arabidopsis. Plant J 35, 613-623. 
Mouradov, A., Cremer, F., and Coupland, G. (2002). Control of flowering time: 
interacting pathways as a basis for diversity. Plant cell 14 Suppl, S111-130. 
Nesi, N., Debeaujon, I., Jond, C., Stewart, A.J., Jenkins, G.I., Caboche, M., and 
Lepiniec, L. (2002). The TRANSPARENT TESTA16 locus encodes the 
ARABIDOPSIS BSISTER MADS domain protein and is required for proper 
development and pigmentation of the seed coat. Plant Cell 14, 2463-2479. 
Ng, M., and Yanofsky, M.F. (2001). Function and evolution of the plant MADS-box 
gene family. Nature reviews 2, 186-195. 
  178 
Ohad, N., Shichrur, K., and Yalovsky, S. (2007). The analysis of protein-protein 
interactions in plants by bimolecular fluorescence complementation. Plant Physiol 
145, 1090-1099. 
Onouchi, H., Igeno, M.I., Perilleux, C., Graves, K., and Coupland, G. (2000). 
Mutagenesis of plants overexpressing CONSTANS demonstrates novel interactions 
among Arabidopsis flowering-time genes. Plant Cell 12, 885-900. 
Osteryoung, K.W., Stokes, K.D., Rutherford, S.M., Percival, A.L., and Lee, W.Y. 
(1998). Chloroplast division in higher plants requires members of two functionally 
divergent gene families with homology to bacterial ftsZ. Plant Cell 10, 1991-2004. 
Parenicova, L., de Folter, S., Kieffer, M., Horner, D.S., Favalli, C., Busscher, J., 
Cook, H.E., Ingram, R.M., Kater, M.M., Davies, B., Angenent, G.C., and 
Colombo, L. (2003). Molecular and phylogenetic analyses of the complete MADS-
box transcription factor family in Arabidopsis: new openings to the MADS world. 
Plant Cell 15, 1538-1551. 
Pelaz, S., Ditta, G.S., Baumann, E., Wisman, E., and Yanofsky, M.F. (2000). B 
and C floral organ identity functions require SEPALLATA MADS-box genes. Nature 
405, 200-203. 
Pellecchia, M., Szyperski, T., Wall, D., Georgopoulos, C., and Wuthrich, K. 
(1996). NMR structure of the J-domain and the Gly/Phe-rich region of the Escherichia 
coli DnaJ chaperone. J Mol Biol 260, 236-250. 
Pinyopich, A., Ditta, G.S., Savidge, B., Liljegren, S.J., Baumann, E., Wisman, E., 
and Yanofsky, M.F. (2003). Assessing the redundancy of MADS-box genes during 
carpel and ovule development. Nature 424, 85-88. 
Portereiko, M.F., Lloyd, A., Steffen, J.G., Punwani, J.A., Otsuga, D., and Drews, 
G.N. (2006). AGL80 is required for central cell and endosperm development in 
Arabidopsis. Plant Cell 18, 1862-1872. 
Pyke, K.A. (1997). The genetic control of plastid division in higher plants. Am. J. Bot. 
84, 1017-1027. 
Pyke, K.A., and Leech, R.M. (1992). Chloroplast Division and Expansion Is 
Radically Altered by Nuclear Mutations in Arabidopsis thaliana. Plant Physiol 99, 
1005-1008. 
Pyke, K.A., and Leech, R.M. (1994). A Genetic Analysis of Chloroplast Division 
and Expansion in Arabidopsis thaliana. Plant Physiol 104, 201-207. 
  179 
Pyke, K.A., Rutherford, S.M., Robertson, E.J., and Leech, R.M. (1994). arc6, A 
Fertile Arabidopsis Mutant with Only Two Mesophyll Cell Chloroplasts. Plant 
Physiol 106, 1169-1177. 
Qiu, X.B., Shao, Y.M., Miao, S., and Wang, L. (2006). The diversity of the 
DnaJ/Hsp40 family, the crucial partners for Hsp70 chaperones. Cell Mol Life Sci 63, 
2560-2570. 
Rajan, V.B., and D'Silva, P. (2009). Arabidopsis thaliana J-class heat shock proteins: 
cellular stress sensors. Functional & integrative genomics 9, 433-446. 
Ratcliffe, O.J., Nadzan, G.C., Reuber, T.L., and Riechmann, J.L. (2001). 
Regulation of flowering in Arabidopsis by an FLC homologue. Plant Physiol 126, 
122-132. 
Ratcliffe, O.J., Kumimoto, R.W., Wong, B.J., and Riechmann, J.L. (2003). 
Analysis of the Arabidopsis MADS AFFECTING FLOWERING gene family: MAF2 
prevents vernalization by short periods of cold. Plant Cell 15, 1159-1169. 
Riechmann, J.L., and Meyerowitz, E.M. (1997). MADS domain proteins in plant 
development. Biol. chem. 378, 1079-1101. 
Riechmann, J.L., Wang, M., and Meyerowitz, E.M. (1996). DNA-binding 
properties of Arabidopsis MADS domain homeotic proteins APETALA1, 
APETALA3, PISTILLATA and AGAMOUS. Nucleic Acids Res 24, 3134-3141. 
Robertson, E.J., Pyke, K.A., and Leech, R.M. (1995). arc6, an extreme chloroplast 
division mutant of Arabidopsis also alters proplastid proliferation and morphology in 
shoot and root apices. J Cell Sci 108 ( Pt 9), 2937-2944. 
Rothblatt, J.A., Deshaies, R.J., Sanders, S.L., Daum, G., and Schekman, R. 
(1989). Multiple genes are required for proper insertion of secretory proteins into the 
endoplasmic reticulum in yeast. J Cell Biol 109, 2641-2652. 
Sadler, I., Chiang, A., Kurihara, T., Rothblatt, J., Way, J., and Silver, P. (1989). 
A yeast gene important for protein assembly into the endoplasmic reticulum and the 
nucleus has homology to DnaJ, an Escherichia coli heat shock protein. J Cell Biol 109, 
2665-2675. 
Samach, A., Onouchi, H., Gold, S.E., Ditta, G.S., Schwarz-Sommer, Z., Yanofsky, 
M.F., and Coupland, G. (2000). Distinct roles of CONSTANS target genes in 
reproductive development of Arabidopsis. Science 288, 1613-1616. 
  180 
Schomburg, F.M., Patton, D.A., Meinke, D.W., and Amasino, R.M. (2001). FPA, 
a gene involved in floral induction in Arabidopsis, encodes a protein containing RNA-
recognition motifs. Plant Cell 13, 1427-1436. 
Schonrock, N., Bouveret, R., Leroy, O., Borghi, L., Kohler, C., Gruissem, W., 
and Hennig, L. (2006). Polycomb-group proteins repress the floral activator AGL19 
in the FLC-independent vernalization pathway. Genes Dev 20, 1667-1678. 
Schwab, R., Ossowski, S., Riester, M., Warthmann, N., and Weigel, D. (2006). 
Highly specific gene silencing by artificial microRNAs in Arabidopsis. Plant Cell 18, 
1121-1133. 
Scidmore, M.A., Okamura, H.H., and Rose, M.D. (1993). Genetic interactions 
between KAR2 and SEC63, encoding eukaryotic homologues of DnaK and DnaJ in 
the endoplasmic reticulum. Mol Biol Cell 4, 1145-1159. 
Scortecci, K.C., Michaels, S.D., and Amasino, R.M. (2001). Identification of a 
MADS-box gene, FLOWERING LOCUS M, that represses flowering. Plant J 26, 
229-236. 
Searle, I., He, Y., Turck, F., Vincent, C., Fornara, F., Krober, S., Amasino, R.A., 
and Coupland, G. (2006). The transcription factor FLC confers a flowering response 
to vernalization by repressing meristem competence and systemic signaling in 
Arabidopsis. Genes Dev 20, 898-912. 
Sedbrook, J.C., Chen, R., and Masson, P.H. (1999). ARG1 (altered response to 
gravity) encodes a DnaJ-like protein that potentially interacts with the cytoskeleton. 
Proc. Natl. Acad. Sci. USA 96, 1140-1145. 
Sheldon, C.C., Rouse, D.T., Finnegan, E.J., Peacock, W.J., and Dennis, E.S. 
(2000). The molecular basis of vernalization: the central role of FLOWERING 
LOCUS C (FLC). Proc. Natl. Acad. Sci. USA 97, 3753-3758. 
Sheldon, C.C., Burn, J.E., Perez, P.P., Metzger, J., Edwards, J.A., Peacock, W.J., 
and Dennis, E.S. (1999). The FLF MADS box gene: a repressor of flowering in 
Arabidopsis regulated by vernalization and methylation. Plant cell 11, 445-458. 
Shi, Y.Y., Hong, X.G., and Wang, C.C. (2005). The C-terminal (331-376) sequence 
of Escherichia coli DnaJ is essential for dimerization and chaperone activity: a small 
angle X-ray scattering study in solution. J Biol Chem 280, 22761-22768. 
Shimada, H., Mochizuki, M., Ogura, K., Froehlich, J.E., Osteryoung, K.W., 
Shirano, Y., Shibata, D., Masuda, S., Mori, K., and Takamiya, K. (2007). 
  181 
Arabidopsis cotyledon-specific chloroplast biogenesis factor CYO1 is a protein 
disulfide isomerase. Plant Cell 19, 3157-3169. 
Sieburth, L.E., and Meyerowitz, E.M. (1997). Molecular dissection of the 
AGAMOUS control region shows that cis elements for spatial regulation are located 
intragenically. Plant Cell 9, 355-365. 
Silberstein, S., Schlenstedt, G., Silver, P.A., and Gilmore, R. (1998). A role for the 
DnaJ homologue Scj1p in protein folding in the yeast endoplasmic reticulum. J Cell 
Biol 143, 921-933. 
Silver, P.A., and Way, J.C. (1993). Eukaryotic DnaJ homologs and the specificity of 
Hsp70 activity. Cell 74, 5-6. 
Simpson, G.G., and Dean, C. (2002). Arabidopsis, the Rosetta stone of flowering 
time? Science 296, 285-289. 
Simpson, G.G., Dijkwel, P.P., Quesada, V., Henderson, I., and Dean, C. (2003). 
FY is an RNA 3' end-processing factor that interacts with FCA to control the 
Arabidopsis floral transition. Cell 113, 777-787. 
Smyth, D.R., Bowman, J.L., and Meyerowitz, E.M. (1990). Early flower 
development in Arabidopsis. Plant Cell 2, 755-767. 
Song, C.P., and Galbraith, D.W. (2006). AtSAP18, an orthologue of human SAP18, 
is involved in the regulation of salt stress and mediates transcriptional repression in 
Arabidopsis. Plant Mol Biol 60, 241-257. 
Sparkes, I.A., Runions, J., Kearns, A., and Hawes, C. (2006). Rapid, transient 
expression of fluorescent fusion proteins in tobacco plants and generation of stably 
transformed plants. Nat Protoc 1, 2019-2025. 
Steffen, J.G., Kang, I.H., Portereiko, M.F., Lloyd, A., and Drews, G.N. (2008). 
AGL61 interacts with AGL80 and is required for central cell development in 
Arabidopsis. Plant Physiol 148, 259-268. 
Suarez-Lopez, P., Wheatley, K., Robson, F., Onouchi, H., Valverde, F., and 
Coupland, G. (2001). CONSTANS mediates between the circadian clock and the 
control of flowering in Arabidopsis. Nature 410, 1116-1120. 
Suetsugu, N., Kagawa, T., and Wada, M. (2005). An auxilin-like J-domain protein, 
JAC1, regulates phototropin-mediated chloroplast movement in Arabidopsis. Plant 
Physiol 139, 151-162. 
  182 
Sung, S., Schmitz, R.J., and Amasino, R.M. (2006). A PHD finger protein involved 
in both the vernalization and photoperiod pathways in Arabidopsis. Genes Dev 20, 
3244-3248. 
Szabo, A., Korszun, R., Hartl, F.U., and Flanagan, J. (1996). A zinc finger-like 
domain of the molecular chaperone DnaJ is involved in binding to denatured protein 
substrates. EMBO J 15, 408-417. 
Takada, S., and Goto, K. (2003). Terminal flower2, an Arabidopsis homolog of 
heterochromatin protein1, counteracts the activation of flowering locus T by constans 
in the vascular tissues of leaves to regulate flowering time. Plant Cell 15, 2856-2865. 
Tamura, K., Takahashi, H., Kunieda, T., Fuji, K., Shimada, T., and Hara-
Nishimura, I. (2007). Arabidopsis KAM2/GRV2 is required for proper endosome 
formation and functions in vacuolar sorting and determination of the embryo growth 
axis. Plant cell 19, 320-332. 
Tang, W., and Wang, C.C. (2001). Zinc fingers and thiol-disulfide oxidoreductase 
activities of chaperone DnaJ. Biochemistry 40, 14985-14994. 
Theissen, G. (2000). Plant biology. Shattering developments. Nature 404, 711, 713. 
Theissen, G. (2001). Development of floral organ identity: stories from the MADS 
house. Curr Opin Plant Biol 4, 75-85. 
Theissen, G., and Saedler, H. (2001). Plant biology. Floral quartets. Nature 409, 
469-471. 
Tsai, J., and Douglas, M.G. (1996). A conserved HPD sequence of the J-domain is 
necessary for YDJ1 stimulation of Hsp70 ATPase activity at a site distinct from 
substrate binding. J Biol Chem 271, 9347-9354. 
Turck, F., Roudier, F., Farrona, S., Martin-Magniette, M.L., Guillaume, E., 
Buisine, N., Gagnot, S., Martienssen, R.A., Coupland, G., and Colot, V. (2007). 
Arabidopsis TFL2/LHP1 specifically associates with genes marked by trimethylation 
of histone H3 lysine 27. PLoS Genet 3, e86. 
Tzfira, T., Tian, G.W., Lacroix, B., Vyas, S., Li, J., Leitner-Dagan, Y., 
Krichevsky, A., Taylor, T., Vainstein, A., and Citovsky, V. (2005). pSAT vectors: 
a modular series of plasmids for autofluorescent protein tagging and expression of 
multiple genes in plants. Plant Mol Biol 57, 503-516. 
Vierling, E. (1991). Roles of heat shock proteins in plants. Annu Rev Plant Physiol. 
Plant Mol. Biol 42, 579-620. 
  183 
Vitha, S., Froehlich, J.E., Koksharova, O., Pyke, K.A., van Erp, H., and 
Osteryoung, K.W. (2003). ARC6 is a J-domain plastid division protein and an 
evolutionary descendant of the cyanobacterial cell division protein Ftn2. Plant Cell 15, 
1918-1933. 
Wada, M., and Suetsugu, N. (2004). Plant organelle positioning. Curr Opin Plant 
Biol 7, 626-631. 
Wada, M., Kagawa, T., and Sato, Y. (2003). Chloroplast movement. Annu Rev 
Plant Biol 54, 455-468. 
Wall, D., Zylicz, M., and Georgopoulos, C. (1994). The NH2-terminal 108 amino 
acids of the Escherichia coli DnaJ protein stimulate the ATPase activity of DnaK and 
are sufficient for lambda replication. J Biol Chem 269, 5446-5451. 
Wang, C.C., and Tsou, C.L. (1998). Enzymes as chaperones and chaperones as 
enzymes. FEBS Lett 425, 382-384. 
Wang, J.W., Czech, B., and Weigel, D. (2009). miR156-regulated SPL transcription 
factors define an endogenous flowering pathway in Arabidopsis thaliana. Cell 138, 
738-749. 
Wang, W., Vinocur, B., Shoseyov, O., and Altman, A. (2004). Role of plant heat-
shock proteins and molecular chaperones in the abiotic stress response. Trends in 
plant science 9, 244-252. 
Weigel, D., and Meyerowitz, E.M. (1994). The ABCs of floral homeotic genes. Cell 
78, 203-209. 
Weigel, D., Alvarez, J., Smyth, D.R., Yanofsky, M.F., and Meyerowitz, E.M. 
(1992). LEAFY controls floral meristem identity in Arabidopsis. Cell 69, 843-859. 
Wigge, P.A., Kim, M.C., Jaeger, K.E., Busch, W., Schmid, M., Lohmann, J.U., 
and Weigel, D. (2005). Integration of spatial and temporal information during floral 
induction in Arabidopsis. Science 309, 1056-1059. 
Wu, C. (1995). Heat shock transcription factors: structure and regulation. Annu Rev 
Cell Dev Biol 11, 441-469. 
Yamaguchi, A., Kobayashi, Y., Goto, K., Abe, M., and Araki, T. (2005). TWIN 
SISTER OF FT (TSF) acts as a floral pathway integrator redundantly with FT. Plant 
Cell Physiol 46, 1175-1189. 
Yamamoto, M., Maruyama, D., Endo, T., and Nishikawa, S. (2008). Arabidopsis 
thaliana has a set of J proteins in the endoplasmic reticulum that are conserved from 
yeast to animals and plants. Plant Cell Physiol 49, 1547-1562. 
  184 
Yang, K.Z., Xia, C., Liu, X.L., Dou, X.Y., Wang, W., Chen, L.Q., Zhang, X.Q., 
Xie, L.F., He, L., Ma, X., and Ye, D. (2009). A mutation in Thermosensitive Male 
Sterile 1, encoding a heat shock protein with DnaJ and PDI domains, leads to 
thermosensitive gametophytic male sterility in Arabidopsis. Plant J 57, 870-882. 
Yang, Y., Qin, Y., Xie, C., Zhao, F., Zhao, J., Liu, D., Chen, S., Fuglsang, A.T., 
Palmgren, M.G., Schumaker, K.S., Deng, X.W., and Guo, Y. (2010). The 
Arabidopsis chaperone J3 regulates the plasma membrane H+-ATPase through 
interaction with the PKS5 kinase. Plant Cell 22, 1313-1332. 
Yanofsky, M.F., Ma, H., Bowman, J.L., Drews, G.N., Feldmann, K.A., and 
Meyerowitz, E.M. (1990). The protein encoded by the Arabidopsis homeotic gene 
agamous resembles transcription factors. Nature 346, 35-39. 
Yu, H., Xu, Y., Tan, E.L., and Kumar, P.P. (2002). AGAMOUS-LIKE 24, a 
dosage-dependent mediator of the flowering signals. Proc. Natl. Acad. Sci. USA 99, 
16336-16341. 
Yu, H., Ito, T., Wellmer, F., and Meyerowitz, E.M. (2004). Repression of 
AGAMOUS-LIKE 24 is a crucial step in promoting flower development. Nat Genet 
36, 157-161. 
Zhang, X., Germann, S., Blus, B.J., Khorasanizadeh, S., Gaudin, V., and 
Jacobsen, S.E. (2007). The Arabidopsis LHP1 protein colocalizes with histone H3 
Lys27 trimethylation. Nat Struct Mol Biol 14, 869-871. 
Zhou, R.G., and Miernyk, J.A. (1999). Cloning and analysis of AtJ3 gene in 
Arabidopsis thaliana. Acta Bot. Sin 41, 597-602. 
Zuo, J., Niu, Q.W., and Chua, N.H. (2000). Technical advance: An estrogen 
receptor-based transactivator XVE mediates highly inducible gene expression in 
transgenic plants. Plant J 24, 265-273. 


















A Repressor Complex Governs the Integration
of Flowering Signals in Arabidopsis
Dan Li,1,4 Chang Liu,1,4 Lisha Shen,1,4 Yang Wu,1 Hongyan Chen,1 Masumi Robertson,2 Chris A. Helliwell,2 Toshiro Ito,1
Elliot Meyerowitz,3 and Hao Yu1,*
1Department of Biological Sciences and Temasek Life Sciences Laboratory, National University of Singapore, 10 Science Drive 4,
117543, Singapore
2CSIRO Plant Industry, GPO Box 1600, Canberra ACT 2601, Australia
3Division of Biology 156-29, California Institute of Technology, Pasadena, CA 91125, USA




Multiple genetic pathways act in response to devel-
opmental cues and environmental signals to pro-
mote the floral transition, by regulating several floral
pathway integrators. These include FLOWERING
LOCUS T (FT) and SUPPRESSOROF OVEREXPRES-
SION OF CONSTANS 1 (SOC1). We show that the
flowering repressor SHORT VEGETATIVE PHASE
(SVP) is controlled by the autonomous, thermo-
sensory, and gibberellin pathways, and directly
represses SOC1 transcription in the shoot apex and
leaf. Moreover, FT expression in the leaf is also
modulated by SVP. SVP protein associates with the
promoter regions of SOC1 and FT, where another
potent repressor FLOWERING LOCUSC (FLC) binds.
SVP consistently interacts with FLC in vivo during
vegetative growth and their function is mutually
dependent. Our findings suggest that SVP is another
central regulator of the flowering regulatory network,
and that the interaction between SVP and FLC medi-
ated by various flowering genetic pathways governs
the integration of flowering signals.
INTRODUCTION
An intricate networkof pathways integrating endogenousanden-
vironmental inputs determines the timing of the switch from veg-
etative to reproductive development inArabidopsis. This process
is quantitatively controlled by the convergence of signals from
individual pathways on the transcriptional regulation of several
floral pathway integrators including FLOWERING LOCUS T
(FT), SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1), andLEAFY (LFY) (Blazquez andWeigel, 2000; Kardailsky
et al., 1999;Kobayashi et al., 1999; Lee et al., 2000;Samachet al.,
2000). Molecular genetic analyses have identified several major
genetic pathways that promote the floral transition via the above
integrators (Boss et al., 2004; Mouradov et al., 2002; Simpson
andDean, 2002). Thephotoperiodandvernalizationpathways re-
spond to environmental signals, such as the duration of light pe-
riods and low temperatures. The autonomous pathwaymediates
flowering by monitoring developmental stages of plants, while
the gibberellin (GA) pathway accelerates flowering in short days
(SDs). In addition, another genetic pathway has been suggested
to monitor the environmental cues relevant to the change of light
quality and ambient temperature (Blazquez et al., 2003; Cerdan
andChory, 2003; Halliday et al., 2003; Simpson andDean, 2002).
The signals from the vernalization and autonomous pathways
converge on a potent repressor of flowering, FLOWERING LO-
CUS C (FLC) (Michaels and Amasino, 1999; Sheldon et al.,
1999). FLC encodes a MADS-box transcription factor and is
widely expressed in the meristem and leaves (Noh and Amasino,
2003; Sheldon et al., 2002). Regulation of FLC expression
involves epigenetic control of the functional states of its chroma-
tin by multiple factors (Amasino, 2004; Baurle and Dean, 2006).
High expression of FLC antagonizes themeristem’s competence
to respond to promotive floral signals by repressing at least the
two floral pathway integrators FT and SOC1, while the vernaliza-
tion and autonomous pathways promote flowering by repressing
FLC expression (Hepworth et al., 2002; Lee et al., 2000;Michaels
and Amasino, 1999; Michaels et al., 2005; Sheldon et al., 1999,
2000). Spatial and temporal analysis of FLC regulation has
revealed its dual roles in repressing flowering. FLC represses
FT expression in the leaves and blocks the transport of the sys-
temic flowering signals that contain FT protein from the leaves to
the meristem, and FLC also impairs the meristem’s response to
the flowering signals by inhibiting the expression of SOC1 and
the FT cofactor FD (Abe et al., 2005; Corbesier et al., 2007;
Searle et al., 2006; Wigge et al., 2005).
SHORT VEGETATIVE PHASE (SVP), which encodes a MADS-
box transcription factor, is another negative regulator of flower-
ing in Arabidopsis (Hartmann et al., 2000). In accordance with its
function in maintaining the duration of the vegetative phase, SVP
is expressed in whole vegetative seedlings, but is barely detect-
able in the main inflorescence apical meristem (Hartmann et al.,
2000; Liu et al., 2007). It has been recently reported that SVP
mediates ambient temperature signaling within the thermosen-
sory pathway by regulating FT expression (Lee et al., 2007).
However, since FTmRNA ismainly expressed in the leaf (Takada
andGoto, 2003;Wigge et al., 2005), the biological significance of
downregulation of SVP at the shoot apex during the floral transi-
tion remains unknown.
In this study we show that by mainly responding to endoge-
nous signals from autonomous and GA pathways, SVP plays
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a crucial role in directly controlling SOC1 transcription strongly in
the shoot apex and moderately in the leaf, while FT expression
in the leaf is slightly modulated by SVP. Notably, the SVP protein
consistently interacts with FLC in the seedlings during vegetative
growth, and their function in regulating flowering is mutually
dependent. Our findings uncover that SVP is another central
flowering repressor and that its interaction with FLC determines
the expression of the floral pathway integrators in response to
various endogenous and environmental signals.
RESULTS
The GA and Autonomous Pathways Regulate SVP
Expression
To understand the role of SVP in the control of flowering time, we
examined the effect of various flowering genetic pathways on its
expression in whole seedlings. In long days (LDs), SVP expres-
sion was consistently upregulated in loss-of-function mutants
of fve-3 (Col) and fve-1 (Ler) in the autonomous pathway
(Figure 1A), but remained almost unchanged in photoperiod
loss-of-function mutants (Figure 1B, and see Figure S1 available
online). In addition to its role in the autonomous pathway, FVE
also mediates ambient temperature effects (Blazquez et al.,
2003; Koornneef et al., 1991). Thus, SVP expression is affected
by both the autonomous and thermosensory pathways (Lee
et al., 2007). GA treatment consistently reduced SVP expression
in wild-type plants in SDs (Figure 1C). In the GA-deficient mutant
ga1-3, which does not flower in SDs (Wilson et al., 1992), SVP
expression was consistently higher than in wild-type plants
(Figure 1D), implying that the GA effect on flowering is partly me-
diated through SVP. By contrast, vernalization treatment of wild-
type and FRI FLC plants (Michaels and Amasino, 1999), which
greatly affects the expression of FLC and SOC1, did not regulate
SVP expression (Figure 1E). These results demonstrate that SVP
responds to the flowering signals from the GA and autonomous
pathways, in addition to the thermosensory pathway.
SVP Represses SOC1 Expression
Next we analyzed the genetic interaction between SVP and other
flowering time genes that act downstream of multiple floral path-
ways. In both LDs and SDs, single or double mutants of floral
pathway integrators SOC1 and FT suppressed the early flower-
ing phenotype of svp-41 (Figure 1F), indicating that the activity of
SOC1 and FT may be partially responsible for early flowering of
svp-41 plants. To further explore the interaction between SVP
and these genes, we examined temporal expression of these
genes in developing svp-41 and 35S:SVP seedlings. SOC1 ex-
pression was much elevated in svp-41, but almost completely
suppressed by 35S:SVP at the vegetative phase and floral tran-
sition that occurred at 9 days after germination in wild-type
plants (Figure 2A and Figure S2). On the contrary, the expression
of AGL24, another flowering promoter that acts downstream of
several floral pathways (Michaels et al., 2003; Yu et al., 2002),
was not significantly affected by SVP (Figure S3). FT was slightly
upregulated in svp-41 seedlings before the floral transition
(9 days after germination) and demonstrated a comparable in-
creased trend in expression levels in svp-41 and wild-type plants
afterwards (Figure 2B). FT expression in 35S:SVP was still upre-
gulated during seedling development, although its expression
was lower than that in wild-type plants at some time points
(Figure 2B).
We dissected developing young (3- to 7-day-old) seedlings
before the floral transition to separately detect SOC1 and FT
expression in the leaves (cotyledon and rosette leaves) and the
remaining aerial part without leaves, including the shoot apical
meristem and young leaf primordia (Figure 2C). Upregulation of
SOC1 in the leaf was about 2- to 3-fold in svp-41 as compared
to wild-type plants, while its expression in the aerial part without
leaves was continuously upregulated by 4- to 6-fold in develop-
ing svp-41 seedlings. On the contrary, FT was only slightly upre-
gulated by 1.3-fold in svp-41 leaves andwas barely detectable in
the shoot apex of both wild-type and svp-41 plants (Figure 2C).
In situ hybridization further revealed higher SOC1 expression in
the shoot apical meristem and emerging young leaves of svp-
41 mutants than in those of wild-type (Figure 2D). On the con-
trary, overexpression of SVP suppressed SOC1 expression in
the shoot apex.
Since SVP likely represses SOC1 expression, we further
examined SOC1 expression in response to SVP activity using
a functional pER22-SVP transgenic line where SVP expression
is controlled by an estradiol-induced XVE system (Zuo et al.,
2000). We applied continuous b-estradiol treatment to pER22-
SVP seedlings at different developmental stages to test the bio-
logical effects of SVP induction (Figure 2E). The pER22-SVP
seedlings initially treated with b-estradiol at the vegetative stage
(1 and 5 days after germination) showed significantly delayed
flowering compared with the wild-type and mock-treated trans-
genic seedlings (Figure 2E). However, pER22-SVP seedlings ini-
tially treated with b-estradiol at the floral transitional stage (13
and 17 days after germination) showed similar flowering time
as other seedlings. Thus, high levels of SVP expression before
the floral transition were responsible for repressing flowering.
In 5-day-old pER22-SVP seedlings treated with estradiol, SVP
expression was continuously induced (Figure 2F), while SOC1
expression was immediately repressed at 2 hr of induction and
continuously maintained at low levels afterwards (Figure 2G).
These results demonstrate that SOC1 expression is tightly con-
trolled by SVP.
In contrast to SVP, FT andAGL24 have been suggested as up-
stream promoters of SOC1 expression (Liu et al., 2008; Michaels
et al., 2003; Searle et al., 2006; Yoo et al., 2005). To clarify the
combined effect of these genes on SOC1 expression, we ana-
lyzed SOC1 expression in 9-day-old seedlings with various
genetic backgrounds (Figure S4). SOC1 expression was down-
regulated in ft-1 and agl24-1, but upregulated in svp-41. Loss
of SVP function in ft-1 and agl24-1 significantly elevated SOC1
expression to levels that were much higher than those in wild-
type plants. These results demonstrate that loss of SVP function
derepresses SOC1 expression largely independently of FT and
AGL24, suggesting that SVP exerts a dominant effect on SOC1
expression.
SVP Binds Directly to the SOC1 Promoter
To examine if SVP directly controls SOC1 transcription, we per-
formed ChIP assays using two functional transgenic lines. One
line expressing an SVP-6HA fusion gene driven by the CaMV
35S promoter showed late flowering like 35S:SVP, and another
transgenic line svp-41 SVP:SVP-6HA containing HA-tagged
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SVP regulated by its endogenous promoter showed comparable
flowering time to wild-type plants (Figure S5). We scanned the
SOC1 genomic sequence for the CC(A/T)6GG (CArG) motif,
a canonical binding site for MADS-domain proteins such as
SVP, with a maximum of one nucleotide mismatch and designed
eleven primers near the identified motifs for measurement of
DNA enrichment (Figure 3A). In ChIP assays of 7-day-old
35S:SVP-6HA and svp-41 SVP:SVP-6HA seedlings, we consis-
tently found the highest enrichment of the number 5 fragment
associated with SVP-6HA by quantitative real-time PCR
Figure 1. SVP Is Regulated by the Autonomous and GA Pathways
(A andB) Quantitative real-time PCR analysis ofSVP expression in themutants of the autonomous (A) and photoperiod (B) pathways.SVP expression in 9-day-old
seedlings grown in LDs was compared. Results were normalized against the expression of TUB2.
(C) Effect of GA on SVP expression in wild-type plants grown in SDs. For GA treatment, exogenous GA (100 mM) was weekly applied onto wild-type Col plants
grown in SDs. Seedlings from week 2 (w2) to week 5 (w5) were harvested for expression analysis.
(D) Comparison of SVP expression in GA-deficient mutant ga1-3 (Ler) and wild-type Ler plants. Seedlings grown in SDs from week 2 (w2) to week 5 (w5) were
harvested for expression analysis.
(E) Effect of vernalization onSVP expression. For vernalization treatment, seeds were sown onMurashige and Skoog (MS) agar plates and incubated at 4Cunder
low light levels for 8 weeks. The expression of FLC,SOC1, andSVP in 9-day-old seedlings grown in LDswas compared. Themaximumexpression of each gene is
set as 100%.
(F) Flowering time of transgenic and mutant plants in LDs and SDs. The asterisk indicates that flowering was not observed in soc1-2 agl24-1 under short days.
Error bars indicate standard deviation.
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(Figure 3B). This enriched genomic fragment was near two CArG
motifs (SOC1-CArG1 and SOC1-CArG2), each with one nucleo-
tide mismatch from the canonical CArG box (Figure 3C).
To confirm that SVP can directly bind to the SOC1 promoter,
gel shift assays were carried out using two fragments bearing
SOC1-CArG1 and SOC1-CArG2 as probes (Figure S6). The
Figure 2. SOC1 Expression Is Closely Controlled by SVP
(A and B) Temporal expression of SOC1 (A) and FT (B) in developing seedlings with various genetic backgrounds in LDs.
(C) Fold change of SOC1 and FT expression in the aerial part without leaves and leaves of svp-41 against that in wild-type seedlings. Asterisks indicate that in the
aerial part without leaves of both svp-41 and wild-type plants, quantitative real-time PCR analysis of FT RNA obtained very high Ct values because of its barely
detectable level.
(D) In situ localization of SOC1 at the shot apex of 11-day-old wild-type, svp-41, and 35S:SVP seedlings grown at 22C under long days. For comparing signals,
sections of these plants were placed on the same slides for hybridization and detection. Scale bars, 25 mm.
(E) Generation of a functional estradiol-inducible SVP expression system (pER22-SVP). Induction of SVP expression in pER22-SVP seedlings causes late flower-
ing as compared with mock-treated seedlings. b-estradiol treatment does not affect the flowering of wild-type plants, while its initial treatment of pER22-SVP
before the floral transitional stage (1 and 5 days after germination) significantly delays flowering.
(F and G) SOC1 expression is repressed by SVP. Time course expression of SVP (F) and SOC1 (G) in 5-day-old pER22-SVP seedlings treated with 10 mM
b-estradiol or mock-treated was compared.
Error bars indicate standard deviation.
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Figure 3. SVP Directly Represses SOC1 Transcription via Binding to a Specific SOC1 Promoter Region
(A) Schematic diagram of the SOC1 genomic region. Exons are represented by black boxes, while introns and upstream regions are represented by white boxes.
The arrowheads indicate the sites containing either a single mismatch or a perfect match to the consensus binding sequence (CArG box) of MADS-domain
proteins. Eleven DNA fragments flanking these sites were designed for ChIP analysis of the SVP binding site.
(B) ChIP enrichment test showing the binding of SVP-6HA to the region near fragment 5. Seven-day-old seedlings of 35S:SVP-6HA and svp-41 SVP:SVP-6HA
were harvested for ChIP analysis. Relative enrichment of each fragment was calculated first by normalizing the amount of a target DNA fragment against a
genomic fragment of ACTIN, and then by normalizing the value for transgenic plants against the value for wild-type as a negative control.
(C) Schematic diagram of the SOC1:GUS construct where a 2 kb SOC1 50 upstream sequence was transcriptionally fused with the GUS gene. Two native CArG
boxes within fragment 5 were mutated as indicated.
(D–F) Representative GUS staining of 12-day-old transformants containing SOC1:GUS (D) and its mutated constructs M1 (E) and M2 (F).
(G and H) GUS staining of the shoot apex of 12-day-old transformants containing SOC1:GUS (G) and M1 (H).
(I and J) GUS staining of the cotyledons (I) and leaves (J) of the transformants containing SOC1:GUS and M1.
(K and L) GUS staining of 12-day-old SOC1:GUS (K) and M1 (L) in 35S:SVP background.
(M) Distribution of relative GUS staining intensity in the transformants containingSOC1:GUS and itsmutated formsM1 andM2.We analyzed 24 independent lines
forSOC1:GUS (Liu et al., 2008), 26 independent lines forM1, and 21 lines forM2. The intensity of GUS staining exhibited bymostSOC1:GUS lines was designated
as ‘‘strong.’’
(N) Distribution of flowering time in T1 transgenic plants carrying the wild-type SOC1 gene and its mutated forms (M1 and M2) in the soc1-2mutant background.
We analyzed 27 independent lines for gSOC1 (Liu et al., 2008), 38 independent lines for gSOC1(M1), and 21 lines for gSOC1(M2).
Error bars indicate standard deviation.
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recombinant 63His-SVP protein bound strongly with SOC1-
CArG1, but only very weakly with SOC1-CArG2. Formation of
the complex between 63His-SVP and SOC1-CArG1 was also
inhibited by a specific competitor, unlabeled SOC1-CArG1,
thus demonstrating the specific interaction between 63His-
SVP and SOC1-CArG1.
SVP Binding Regulates SOC1 Function in Flowering
To test in vivo whether these CArG motifs are responsible for the
regulation of SOC1 by SVP, we applied an established SOC1:
GUS construct, in which a 2 kb SOC1 promoter upstream of
the translational start site was fused with the GUS reporter
gene (Figure 3C; Liu et al., 2008). Based on this construct, we
generated two reporter gene cassettes, M1 and M2, where the
two CArG motifs near the number 5 genomic fragment were mu-
tated, respectively (Figure 3C). As previously reported (Liu et al.,
2008), among 24 independent lines of transformants harboring
SOC1:GUS, 20 lines displayed strong GUS staining during floral
transition (Figures 3D and 3M). Among 26 lines of transformants
harboring theM1mutated form, 21 lines displayed stronger GUS
staining in both the shoot apex and leaf compared with SOC1:
GUS (Figures 3D, 3E, and 3M). However, among 21 lines of
transformants harboring theM2mutated form, 15 lines displayed
a similar GUS staining pattern toSOC1:GUS (Figures 3D, 3F, and
3M). A close examination of the spatial GUS staining pattern in
SOC1:GUS and M1 revealed that M1 lines displayed notably
increased GUS staining in the shoot apex (Figures 3G and 3H)
and moderately increased staining in the cotyledon (Figure 3I)
and rosette leaf (Figure 3J). These observations were consistent
with the change of SOC1 expression levels in wild-type and svp-
41 plants (Figures 2C and 2D), indicating that SVP mainly binds
to the SOC1-CArG1 to repress SOC1 expression in the shoot
apex and leaf. To further confirm this result, we crossed SOC1:
GUS and M1 with 35S:SVP and examined the change of GUS
staining in response to the increased SVP activity. As expected,
staining ofSOC1:GUS in the shoot apex and leaf of 35S:SVPwas
reduced compared with that in wild-type background (Figures
3D and 3K), while staining of M1 plants remained almost un-
changed (Figures 3E and 3L). Thus, mutation of the SOC1-
CArG1 at M1 almost completely abolished repression of SOC1
expression by SVP, confirming that SVP binds to this site to re-
press SOC1 expression.
To further verify that the identified SVP binding site is essential
for SOC1 function in the control of flowering, soc1-2 mutants
were transformed with a genomic SOC1 construct (Liu et al.,
2008) or with its derived constructs with the M1 or M2 mutation.
The average flowering time of T1 generation plants of soc1-2mu-
tants transformed with the SOC1 genomic construct was 15.4
total leaves (Figure 3N; Liu et al., 2008). This was slightly later
than the average flowering time of wild-type plants (13.2 leaves).
Thus, the native SOC1 fragment could largely rescue the late
flowering of soc1-2, which flowered with 28 leaves under the
same conditions (Figure 1F). The average flowering time of
soc1-2 mutants transformed with the M2 construct was 15.2
leaves, which was comparable with that shown in soc1-2 mu-
tants transformed with the native SOC1 genomic fragment
(Figure 3N). However, the soc1-2 mutants transformed with the
M1 construct exhibited earlier flowering (11.8 leaves) than any
other plants (Figure 3N). These results demonstrate that muta-
tion of the SOC1-CArG1 box at M1 accelerates flowering, and
corroborate that SVP binding site at SOC1-CArG1 is responsible
for repressing SOC1 during flowering.
SVP Interacts with FLC
The SOC1-CArG1 box bound by SVP was 19 nt distant from the
SOC1-CArG2 box in the SOC1 promoter, which has previously
been identified as a FLC binding site (Helliwell et al., 2006; Hep-
worth et al., 2002; Searle et al., 2006). FLC is a potent floral
repressor upon which multiple floral regulatory pathways con-
verge. Since SVP and FLC negatively control SOC1 expression
and they exhibit a similar expression pattern in the shoot apical
meristem and leaves at the vegetative phase (Figures 4A and
4B; Hartmann et al., 2000; Noh and Amasino, 2003; Sheldon
et al., 2002), their proteins may interact to control SOC1 expres-
sion. To test this hypothesis, we performed in vitro glutathione S-
transferase (GST) pull-down assays and found that GST-SVP or
GST-FLC bound in vitro-translated full-length HA-FLC or Myc-
SVP, respectively (Figure 4C). This binding was specific because
HA-FLC or Myc-SVP failed to bind to the control GST alone.
To determine whether this direct physical interaction occurs in
vivo, we performed a reciprocal coimmunoprecipitation analysis
using transgenic SVP:SVP-6HA plants in the ecotype C24,
where FLC expression is high (Hartmann et al., 2000; Noh and
Amasino, 2003; Sheldon et al., 2002). Protein extracts from the
SVP:SVP-6HA and C24 wild-type plants were immunoprecipi-
tated with either anti-FLC conjugated to Protein G PLUS agarose
or anti-HA agarose. The resulting immunoprecipitates were sep-
arated by SDS-PAGE. The precipitated proteins were analyzed
by western blot using the anti-HA or anti-FLC antibody. A band
with the expected mobility of SVP-6HA was repeatedly detected
from the anti-FLC immunoprecipitates of the SVP:SVP-6HA
plants (Figure 4D). On the contrary, no band of the samemobility
was detected from the immunoprecipitates of the C24 wild-type
plants. The in vivo interaction of FLC and SVP was also revealed
in the anti-HA immunoprecipitates (Figure 4D), where FLC was
only observed in the immunoprecipitates of the SVP:SVP-6HA
plants.
Coimmunoprecipitation analysis was further carried out in de-
veloping svp-41 SVP:SVP-6HA Col seedlings grown in LDs
(Figure 4E). As svp-41 SVP:SVP-6HA showed comparable flow-
ering timewith wild-type Col plants, this analysis aimed to exam-
ine temporal endogenous interaction of SVP and FLC.While FLC
expression is generally low in Col, its expression was detectable
in 3- and 5-day-old seedlings, and reduced afterwards
(Figure 4E). SVP expression was consistently high in developing
seedlings, with its peak in 7-day-old seedlings. Protein extracts
from these seedlings were immunoprecipitated with anti-HA
agarose, and the precipitated proteins were analyzed bywestern
blot using the anti-HA or affinity-purified FLC antibody (Hart-
mann et al., 2000; Noh and Amasino, 2003; Sheldon et al.,
2002). The interaction between SVP-6HA and FLC proteins
was clearly observed in 3- to 9-day-old seedlings, demonstrat-
ing that SVP-6HA and FLC proteins interact in vivo during vege-
tative growth. The weakened interaction between SVP and FLC
in 11- and 15-day-old seedlings is concomitant with the upregu-
lation of SOC1 expression (Figure 2A). To investigate the spatial
interaction of SVP and FLC during seedling development, we
examined their interaction in the aerial part of the seedlings
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(without leaves) and leaves of svp-41 SVP:SVP-6HA (Figure 4F).
FLC protein expression peaked in the aerial part without leaves in
3-day-old seedlings, and was slightly reduced afterwards, while
its expression in the leaf was relatively low. SVP peaked in the
leaves and the remaining aerial part in 7-day-old seedlings.
The interaction between SVP and FLC occurred in the aerial
part without leaves of all developing seedlings examined, with
the peak in 3-day-old seedlings. On the contrary, their interaction
was only weakly detected in the leaves of 3- and 7-day-old seed-
lings.
FLC and SVP Functions Are Mutually Dependent
Since our results showed in vitro and in vivo interaction of SVP
and FLC proteins, we further tested the biological significance
Figure 4. Protein Interaction of SVP and FLC Determines Flowering Time
(A) GUS staining of 5-day-old SVP:GUS Col seedling. Inset shows GUS staining of the shoot apex.
(B) In situ localization of SVP at the shoot apex of 5-day-old Col wild-type seedlings. Scale bars, 25 mm.
(C) In vitro GST pull-down assay with SVP and FLC proteins. Precipitated GST, GST-SVP, and GST-FLC are shown by Coomassie blue staining.
(D) Interaction of SVP and FLC in SVP:SVP-6HA C24 seedlings. Protein extracts were isolated from 5-day-old SVP:SVP-6HA (C24).
(E) Interaction of SVP and FLC in developing svp-41 SVP:SVP-6HA (Col) seedlings grown in LDs. svp-41 SVP:SVP-6HA or wild-type seedlings from day 3 to day
15 were harvested for protein extraction.
(F) Interaction of SVP and FLC in the aerial part without leaves, and leaves of developing svp-41 SVP:SVP-6HA seedlings grown in LDs.
(G) Flowering phenotypes of plants with different levels of FLC and SVP expression in LDs.
Error bars indicate standard deviation.
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of this interaction by genetic analysis (Figure 4G). Loss of SVP
function significantly suppressed the severe late-flowering phe-
notype of FRI FLC, in which FLCwas highly expressed (Michaels
and Amasino, 1999). On the contrary, loss of FLC function could
moderately rescue the late-flowering of 35S:SVP. These results
indicate that FLC and SVP functions are mutually dependent,
and that the former is largely dependent on the latter. The inter-
action of SVP and FLC was further supported by the phenotype
of the double mutant flc-3 svp-41 (Figure 4G). In the Col back-
ground, flc-3 showed slightly early flowering, while svp-41 flow-
ered much earlier. The double mutant flc-3 svp-41 showed
a stronger early flowering phenotype comparedwith either single
mutant, but was much like the svp-41 mutant.
ChIP assays of 35S:FLC-HA have revealed the binding of FLC
to the first intron of FT that contains a CArG consensus se-
quence, suggesting that FLC directly mediates repression of
FT in the leaf (Searle et al., 2006). The same region, together
with other upstream regions, of FT was found to be highly asso-
ciated with SVP-HA by ChIP assays using Arabidopsis proto-
plasts (Lee et al., 2007). In ChIP assays of 35S:SVP-6HA and
svp-41 SVP:SVP-6HA lines, we consistently found that the num-
ber 4 fragment that was close to theCArG box at the first intron of
FT showed the highest enrichment associated with SVP-6HA by
quantitative real-time PCR (Figure S7). These observations imply
that FLC and SVP may bind to the same site of FT genomic se-
quence to regulate its expression, and that the interaction of FLC
and SVP regulates both SOC1 and FT. It is noteworthy that FT
was only slightly upregulated in the leaves of svp-41 in the Col
background where FLC expression was low (Figure 2C), indicat-
ing that the effect of SVP on FT expression in the leaves may
largely rely on FLC.
DISCUSSION
Here we have shown that the flowering regulator SVP plays a key
role in maintaining the duration of the vegetative phase by di-
rectly repressing SOC1 transcription strongly in the shoot apex
and moderately in the leaf. SOC1 expression in whole seedlings
is tightly regulated by the levels of SVP expression. Mutating the
SVP binding site in the SOC1 promoter in the wild-type Col back-
ground causes strong derepression of SOC1 in the shoot apex
and leaf (Figure 3). On the contrary, mutating the binding site
of another SOC1 repressor, FLC, in the SOC1 promoter does
not result in apparent derepression of SOC1 in the wild-type
Col background (Figures 3F and 3M; Hepworth et al., 2002).
These observations suggest that in the plants with relatively
low levels of FLC expression (e.g., wild-type Col), SVP plays
amajor role in regulating SOC1 expression. This is substantiated
by the phenotypes of svp-41and flc-3, as the former exhibits
much earlier flowering than the latter in the Col background.
SVP protein associates with the promoter region of SOC1
where FLC binds. During vegetative growth, SVP interacts with
FLC in the whole seedlings with a relatively strong affinity in
the aerial part without leaf. This interaction is critical for their
function in determining flowering because loss of function of
either gene compromises the ability of another gene in repres-
sing flowering. Notably, in the plants with high levels of FLC ex-
pression (e.g., FRI FLC), the FLC repressive effect on flowering is
significantly suppressed by svp-41 (Figure 4G), demonstrating
that FLC function is highly dependent on SVP.
Interaction between FLC and SVP may also directly affect FT
expression in the leaf, as both of them can bind to the same
site of FT genomic sequence. It has been shown that FLC ex-
pression in the leaf represses flowering by mainly repressing
FT expression (Searle et al., 2006). While SVP was suggested
to negatively regulate FT expression in the leaf within the thermo-
sensory pathway (Lee et al., 2007), we could only detect slightly
upregulated expression of FT in the leaves of svp-41 by quanti-
tative real-time PCR (Figure 2C). As the protein interaction be-
tween FLC and SVP exists in the leaf, SVP’s effect on FT expres-
sionmay bemediated by FLC. This partly explains why alteration
of FT expression is not so significant in svp-41 in the Col back-
ground, where FLC expression is relatively low. As svp-41
more or less accelerates flowering of single or double mutants
of ft-1 and soc1-2 (Figure 1F), it is possible that SVP partially
acts through other unknown factors in addition to SOC1 and FT.
It has been suggested that FLC is a central regulator of the flo-
ral enabling pathways that antagonize the activation of the floral
pathway integrators (Boss et al., 2004; Reeves and Coupland,
2001). Our results suggest that SVP is another central regulator
that mainly responds to the endogenous flowering signals and
interacts with FLC in the aerial part of the seedlings. Hitherto,
this relationship has not been revealed in previous studies on
the protein interaction among Arabidopsis MADS-box genes.
Their combined action confers a critical control of floral induction
by directly repressing the early onset of expression of floral path-
way integrators at the vegetative phase. This allows plants to
accumulate sufficient energy for subsequent reproductive suc-
cess. During the floral transition, the flowering signals from
autonomous, vernalization, and GA pathways converge on the
downregulation of SVP and FLC, thus derepressing the expres-
sion of floral pathway integrators. Therefore, it is likely that the
effect of these flowering genetic pathways on the floral transition
is mainly mediated through a derepression mechanism. In con-
trast, the photoperiod pathway, which does not affect the
expression of either SVP or FLC, seems to be a major pathway
that activates floral pathway integrators.
Unlike another floral pathway integrator, FT, SOC1 is highly
expressed in the shoot apex during floral transition and has
been suggested to be associated with regional specificity for ini-
tiation of floral meristems (Borner et al., 2000; Lee et al., 2000; Liu
et al., 2008; Samach et al., 2000). Complementation of SOC1
expression in the shoot apical meristem of soc1mutants results
in much earlier flowering than that in the phloem (Searle et al.,
2006), suggesting that regulation of SOC1 expression in themer-
istem has a more significant effect on the control of flowering. In
addition to SVP and FLC, recent studies have revealed several
other flowering regulators that are involved in the tight control
of SOC1 transcription in the meristem. FT and its cofactor FD
are required for activation of SOC1 expression in the meristem
(Abe et al., 2005; Corbesier et al., 2007; Searle et al., 2006;Wigge
et al., 2005), while AGL24 directly upregulates SOC1 transcrip-
tion in the meristem during the floral transition (Liu et al., 2008).
Intriguingly, even in the absence of FT and AGL24, loss of SVP
function results in a higher SOC1 expression than in wild-type
plants (Figure S4). This result suggests that SVP repression
has a dominant effect on SOC1 expression, and that removal
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of SVP activity may activate SOC1 expression independently of
those known SOC1 activators.
A further question that arises from this study is the relationship
between SVP and AGL24. While they are the closest genes
among all the 107 MADS-box transcription factors found in Ara-
bidopsis (Parenicova et al., 2003; Yu et al., 2002), they exhibit
completely opposite functions in directly regulating SOC1 tran-
scription in the meristem (Liu et al., 2008). It is possible that
they regulate SOC1 in a temporal sequence as repression of
SOC1 by SVP occurs at the vegetative phase and gets weaker
during the floral transition, at which promotion of SOC1 by
AGL24 mainly happens (Liu et al., 2008). The expression level
of SVP and AGL24, which is affected by various flowering
genetic pathways, should be one of the important factors that
contribute to the predominance of SVP or AGL24 in the SOC1
transcription complex. It is noteworthy that SVP is genetically
epistatic to AGL24, because the double mutants agl24-1 svp-
41 show a similar flowering time to svp-41 (Figure 1F). This sug-
gests that AGL24 may act upstream of SVP. In wild-type plants
AGL24 expression is upregulated at the shoot apex by SOC1
during the floral transition (Liu et al., 2008). It is, therefore, tempt-
ing to hypothesize that SOC1may suppress SVP expression via
AGL24, thus activating its own expression in the meristem in
a positive feedback loop.
Phylogenetic analysis has shown that SVP belongs to the
StMADS11-like clade of MADS-box proteins that comprises
members from gymnosperms, monocots, and eudicots (Becker
and Theissen, 2003). Themajority of its members are specifically
expressed in vegetative tissues, and several members that
repress flowering in various species have been reported (Hart-
mann et al., 2000; Kane et al., 2005; Masiero et al., 2004).
Whether SVP function inArabidopsis flowering represents a gen-
eral mechanism for members of this clade of proteins needs to
be further investigated.
EXPERIMENTAL PROCEDURES
Plant Materials and Growth Conditions
Arabidopsis ecotype Columbia (Col), Landsberg erecta (Ler), or C24 was
grown at 22C under long days (16 hr light/8 hr dark) or short days (8 hr light/
16 hr dark). The mutants co-1, gi-1, ft-1 (Ler ft-1 introgressed into Col), fve-3,
soc1-2, svp-41, and agl24-1 are in the Col background, and co-2, ft-1, fve-1,
fca-1, fpa-1, and ga1-3 are in the Ler background. For GA treatment of
plants grown in SDs, the treatment was started with seedlings grown in SDs
at 1 week after germination, and weekly application of 100 mM GA3 was
performed. To break dormancy, ga1-3 seeds were imbibed in 100 mM GA at
4C for 7 days, and then rinsed thoroughly with water before sowing.
Plasmid Construction
To construct pER22-SVP, the SVP cDNA was amplified and cloned into a de-
rived pER22 vector. The pER8 vector (Zuo et al., 2000) was cut with ApaI and
SpeI, filled in the cohesive ends, and self-ligated to produce pER22. To con-
struct 35S:SVP-6HA, the SVP fragment was cloned into the pGreen-35S-
6HA vector to obtain an in-frame fusion of SVP-6HA under the control of
35S promoter. The pGreen-35S-6HA vector was generated by cloning six
repetitive HA epitopes into the SpeI site of pGreen-35S (Yu et al., 2004). To
construct SVP:SVP-6HA, the 5.1 kb SVP genomic fragment was amplified
and cloned into the pGreen-6HA vector to obtain an in-frame fusion of
SVP:SVP-6HA. The pGreen-6HA vector was generated by cloning six repeti-
tive HA epitopes into the SpeI site of pHY105 (Liu et al., 2007). To construct
SVP:GUS, the SVP genomic sequence of 3.6 kb in length was amplified and
cloned into pHY107 (Liu et al., 2007).
SOC1:GUS was constructed as previously reported (Liu et al., 2008). This
construct was further mutagenized to produce the M1 and M2 mutations
(Figure 3C) using the QuikChange II XL-Site-Directed Mutagenesis Kit (Strata-
gene). For the complementation test, the SOC1 genomic fragment consisting
of 1.97 kb of the promoter region and the full gene coding region plus introns
was amplified and cloned as previously reported (Liu et al., 2008). The genomic
constructs containing the M1 and M2 mutations were further generated using
the QuikChange II XL-Site-Directed Mutagenesis Kit (Stratagene).
b-Estradiol Induction of pER22-SVP
To observe the phenotype of pER22-SVP and wild-type plants upon b-estra-
diol induction, the plants were grown on solid MS medium supplemented
with 1% sucrose at 22C in LDs before being applied with various treatments.
Once we started the treatment, 10 mM b-estradiol was replaced every 2 days.
For testing induced SVP expression, 5-day-old pER22-SVP seedlings grown
on solid MS medium were transferred into MS liquid medium supplemented
with 10 mM b-estradiol. These seedlings incubated in the liquid medium
were harvested at different time points until 48 hr. Mock treatment of trans-
genic plants was also performed for the above experiments, in which b-estra-
diol was replaced with an equal amount of dimethyl sulfoxide which was used
to dissolve b-estradiol.
ChIP Assay
Seven-day-old 35S:SVP-6HA and svp-41 SVP:SVP-6HA seedlings were fixed
at 4C for 40 min in 1% formaldehyde under vacuum. Fixed tissues were ho-
mogenized, and chromatin was isolated and sonicated to produce DNA frag-
ments below 500 bp. The solubilized chromatin was incubated with anti-HA
agarose beads (Sigma) for 90min at 4C or used as an input control. The coim-
munoprecipitated DNA was recovered as previously reported (Liu et al., 2007).
All primer sequencesused forChIPenrichment tests are listed in TableS1.ChIP
assayswere performed for at least three independent rounds. For identification
of the precise binding sites of SVP,DNAenrichmentwas evaluated by real-time
quantitative PCR in triplicates. Relative enrichment of each fragment was
calculated first by normalizing the amount of a target DNA fragment against
a genomic fragment of ACTIN as an internal control, and then by normalizing
the value for transgenic plants against the value for wild-type as a negative
control using the following equation 2ðCtSVP-6HA InputCtSVP-6HA ChIPÞ=2ðCtWT InputCtWT ChIPÞ:
Expression Analysis
Quantitative real-time PCR was performed in triplicates on 7900HT Fast Real-
Time PCR system (Applied Biosystems) with SYBR Green PCR Master Mix
(Applied Biosystems). Efficiency of each pair of primers was determined based
on its standard curve obtained from a series of 10-fold diluted template DNAs.
The difference between the cycle threshold (Ct) of target genes and the Ct of
control primers (DCt = Cttarget gene  Ctcontrol) was used to obtain the normal-
ized expression of target genes. Semiquantitative PCR was performed as pre-
viously described (Yu et al., 2004). Primer sequences used for gene expression
analysis are listed in Table S2. Nonradioactive in situ hybridization and synthe-
sis of RNA probes were carried out as previously published (Liu et al., 2007).
GUS staining was performed as previously described (Jefferson et al., 1987).
For analysis of GUS activity, T3 homozygous seedlings from independent lines
were used for transformants with a single insertion of transgenes, while both
T2 and T3 lines were analyzed for transformants with multiple insertions.
Gel Shift Assay
The full-length SVP cDNA was cloned into PQE-30 vector (QIAGEN), which
was subsequently transformed into E. coli strain Rosetta (DE3) (Novagen).
63His-SVP was induced using sopropyl 1-thio-b-D-galactopyranoside (IPTG)
and affinity-purified using Ni-NTA Agarose (QIAGEN) according to the manu-
facturer’s protocol. DNA binding assays were performed using LightShift
Chemiluminescent EMSA Kit (Pierce).
In Vitro Pull-Down Assay
The full-length SVP and FLC cDNA sequences were cloned into the pGEX-4T-
1 vector (Pharmacia). E. coli strain Rosetta (DE3) (Novagen) transformed with
the plasmids was induced by IPTG. E. coli cells were then harvested and lysed.
After centrifugation, the supernatant was used to incubate withGlutathione se-
pharose beads (Amersham Biosciences). The beads with the bound GST-SVP
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and GST-FLC proteins were subsequently washed and used in GST pull-down
assays.
For synthesis of myc-tagged SVP and HA-tagged FLC proteins, the full-
length SVP and FLC cDNA sequences were cloned into the pGBKT7 and
pGADT7 vectors (Clontech), respectively. Following the manufacturer’s
instructions, the plasmid DNA templates were added to the TNT T7Quick Cou-
pled Transcription/Translation Systems (Promega) to synthesize proteins.
GST-FLC or GST-SVP proteins prebound to Glutathione sepharose beads
were mixed with the in vitro translated myc-tagged SVP or HA-tagged FLC
proteins. The beads were washed, and the eluted proteins were separated
by SDS-PAGE. Myc-tagged SVP and HA-tagged FLC proteins were detected
using anti-Myc antibody (Sigma) and anti-HA antibody (Santa Cruz biotechnol-
ogy).
Coimmunoprecipitation Experiments
Plant material grown in LDs was harvested at different developmental stages.
After the frozen samples were ground with mortar and pestle in liquid nitrogen,
proteins were extracted as previously published (Sawa et al., 2007). For immu-
noprecipitating HA-tagged SVP protein, anti-HA agarose (Sigma) was added
into the protein extract before it was incubated at 4C for 1 hr. For immunopre-
cipitating FLC protein, the protein extract was immunoprecipitated with affin-
ity-purified anti-FLC antibody and Protein G PLUS-Agarose (Santa Cruz bio-
technology). All coimmunoprecipitation experiments were performed in
biological triplicate. The immunoprecipitated proteins and the protein extract
as an input were resolved by SDS-PAGE. SVP-HA, FLC, or actin protein was
detected by western blot using anti-HA (Santa Cruz Biotechnology), affinity-
purified anti-FLC (Helliwell et al., 2006), or anti-mouse actin antibody (Sigma),
respectively.
SUPPLEMENTAL DATA
Supplemental Data include seven figures and two tables and are available at
http://www.developmentalcell.com/cgi/content/full/15/1/110/DC1/.
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